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Germ-free animals have been used to study the effects of microbiota for several decades. In that time, 
numbers of differences from specific-pathogen-free (SPF) animals have been reported, including 
differences in absolute numbers or percentages of various immune populations, enormously enlarged 
coecum and lack of germinal centers. However, many of the crucial information about structural and 
functional differences in their secondary lymphoid organs still remains uncovered. With novel 
microscopical approaches, such as light sheet fluorescent microscopy, enabling 3D visualization of 
whole samples without processing them to a series of slides, and multicolor cytometry, allowing the 
characterization of numbers of cellular populations within a matter of seconds and in a highly 
quantitative manner, the uncovering of fundamental differences finally seems to be within reach. 
MHC II-EGFP knock-in mouse model brings the advantages of a fluorescent protein expressed 
in physiological histological contexts into both fields. Lymphoid and other tissues can be visualized 
microscopically without the need of staining (even in vivo). Information about the expression of both 
plasma membrane-localized and intracellular MHC II in various tissues could be acquired directly. 
Combining MHC II-EGFP knock-in mouse model with the gnotobiological approach makes it easy to 
visualize any kind of effect and quantify it, including the precise identification and preparation of the 
lymphoid organs. 
In the current work, MHC II-EGFP knock-in mouse model was optimized for the use in both 
light sheet fluorescent microscopy as well as multiparametric flow cytometry. Precise tissue dissection 
allowed for the analysis of individual mesenteric lymph nodes and Peyer’s patches in a sequential order. 
Secondary lymphoid organs were compared in specific-pathogen-free and germ-free animals using both 
microscopic and cytometric approaches, gaining both visual and quantitative information about the 
germ-free biology. Further work is needed to quantify the results from light sheet fluorescent 
microscopy with the help of neuronal network-based analysis. To avoid any subjective bias, 
unsupervised algorithms were adopted for the analysis of flow cytometric results. Reduced absolute cell 
numbers were found in Peyer’s patches and coecal patch in germ-free animals compared to SPF. Also 
relative quanitity of γδT cells were decreased across all tissues sampled in germ-free mice. B cell 
frequencies were relatively increased in spleen and mesenteric lymph nodes, while helper and cytotoxic 
T lymphocyte frequencies were decreased. A significant increase of NK percentages was observed in 
coecal and colonic patches of germ-free animals. Other cell types were also differing significantly in 
germ-free animals and/or along the mesenteric of Peyer’s patch gradient. 
This work paves the path for the usage of MHC II-EGFP knock-in mouse model for investigating 









Bezmikróbne organizmy sú používané k štúdiu vplyvov mikrobioty po niekoľko desaťročí. Počas tohto 
času bolo hlásených mnoho odlišností od tzv. specific-pathogen-free (SPF) zvierat (neobsahujúcich 
špecifické patogény), vrátane absolútnych počtov alebo percent rôznych imunitných populácií, 
obrovsky zväčšeného céka takmer žiadnych germinálnych centier. Avšak mnoho kľúčových informácií 
o štruktúrnych a funkčných rozdieloch v ich druhotných lymfatických orgánoch je stale neobjavených. 
Pomocou nových mikroskopických prístupov, ako light sheet fluorescenčná mikroskopia, umožňujúca 
3D vizualizáciu celých vzoriek bez nutnosti ich spracovávania na sériu rezových preparátov, a 
mnohofarebnou cytometriou, umožňujúca vysoko kvantitatívnu charakterizáciu množstva bunkových 
populácii za niekoľko sekúnd, odkrytie podstatných rozdielov vyzerá byť konečne na dosah. 
MHC II-EGFP knock-in myší model prináša výhodu fluorescenčného proteínu exprimovaného 
vo fyziologických historických kontextoch do oboch obstastí. Lymfatické a iné tkanivá môžu byť 
vizualizované mikroskopicky bez nutnosti farbenia (aj in vivo). Informácia o expresí MHC II na 
plazmatickej membráne i intracelulárne z rôznych tkanív môže byť okamžite získaná. Kombináciou 
MHC II-EGFP knock-in myšieho modelu s gnotobiologickým prístupom sa stáva vizualizácia 
akéhokoľvek vplyvu a jej kvantifikácia jednoduchá, vrátane precíznej identifikácie a prípravy 
lymfatických orgánov. 
V tejto práci bol MHC II-EGFP knock-in myší model optimalizovaný na použitie v light sheet 
fluorescenčnej mikroskopii i v multiparametrickej prietokovej cytometrii. Detailná pitva rôznych tkanív 
umožnila analýzu jednotlivých mezenteriálnych uzlín a Peyerových plátov v poradí, ako za sebou 
postupujú. Sekundárne lymfatické orgány boli porovnané medzi specific-pathogen-free 
a bezmikróbnymi zvieratami s použitím mikroskopických i cytometrických prístupov, pričom sa získala 
vizuálna aj kvantitatívna informácia o biológii bezmikróbnych zvierat. Ďalšia práca bude potrebná na 
kvantifikáciu výsledkov z light sheet fluorescenčnej mikroskopie s pomocou analýzy na bázi 
neuronálnej siete. Za účelom vyhnutia sa akýmkoľvek subjektívnym chybám, nesupervizovaný 
algoritmus bol použitý na analýzu výsledkov z prietokovej cytometrie. Znížené absolútne počty buniek 
boli zistené v Peyerových plátoch, cékánom  a kolickom pláte. Aj relatívne počty γδT lymfocytov boli 
u GF myši znížené vo všetkých pozorovaných tkanivách. Frekvenice B buniek boli relatívne zvýšené v 
slezine a mezenteriálnych lymfatických uzlinách, zatiaľčo frekvencie pomocných a cytotoxických T 
lymfocytov boli znížené. Signifikantný nárast percenta NK buniek bol pozorovaný u plátu z céka a 
kolon bezmirkóbnych zvierat. Ďalšie bunkové typy sa taktiež signifikantne líšili medzi bezmikróbnymi 
a klasickými zvieratami a/alebo pozdĺž mezenteriálneho gradientu alebo gradientu peyerových plátov. 
Táto práca je prípravou na použitie MHC II-EGFP knock-in modelu na detailný výskum entero-
mammárnej cesty prenosu baktérií s použitím gnotobiologického monokolonizovaného MHC II-EGFP 
myšieho modelu. 
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Studies on microbiota are recently becoming increasingly popular across the world. A reason for this 
phenomenon is the previously unappreciated enormous impact of microbiota on our health and disease 
development that is just becoming clear. The effects of microbiota do not end on the mucosal surfaces, 
but rather spread across the whole body. 
Gnothobiological approaches were developed to study the effects of (the absence of) microbiota 
in the sterile environment. They involve keeping the animal either completely germ-free or introdung 
a defined microbial strain or strains of bateria to study. Alternatively, a cheaper alternative is the 
antibiotic treatment (usually by a combination of antibiotics) designed to keep the mice free from 
bacteria. 
MHC II-EGFP knock-in mouse model is an excellent tool to study the secondary lymphoid 
organs, as they emit fluorescene when excited by a blue laser. This allows for more accurate dissection 
of lymphoid organs under stereomicroscope. Combining the gnothobiological approach with the MHC 
II-EGFP knock-in mouse model, as used in this work, enables easy visualization of potential effects the 
germ-free mouse exerts. One of the main aims of this work is to compare the standard, speficic pathogen 
free, mice and germ-free mice with the focus on morphology as well as the composition of secondary 




2. Theoretical backround 
2.1. Microbiota and intestinal immunity 
In recent years, an increasing focus has been set on the effects of microbiota on organisation as well as 
function of the immune system. There is also a rising evidence of the involvement of microbiota and 
changes in proportions of individual bacterial strains on pathophysiological mechanisms of disease 
development, such as inflammatory bowel diseases (IBDs)1. The significance of microbiota is most 
often perceived in relation to gut homeostasis, although recent research confirms its role in other organ 
systems, such as brain2. 
2.1.1. Metabolites 
Microbiota interacts with the intestinal layer by releasing number of metabolites. These can be classified 
into two main groups: diet-independent microbial products, such as lipopolysaccharide (LPS), ATP or 
polysaccharide A, and diet-dependent microbial products3. The latter group can be further divided into 
metabolites originating from the host and secondary modified by bacteria (secondary bile acids and 
taurine) and metabolites originating from ingested food4. Of the directly diet-dependent microbial 
products, the most widely understood are short-chain fatty acids (SCFAs), particularly acetate, 
propionate, and butyrate, that help to maintain the anti-inflammatory immune state by epigenetic 
mechanisms5. Other microbial metabolites originating from dietary compounds that facilitate the 
microbiota-host crosstalk include tryptophan metabolites (indole derivatives), polyamines, and more4,6. 
They help to maintain epithelial barrier function, antimicrobial peptides production, protection against 
colitis, innate lymphoid cell function, T helper (Th) and regulatory T (Treg) cells differentiation and 
proliferation or immunoglobulin class A (IgA) production3,7,8. For instance, long-term antibiotically 
treated mice were shown to have systemically lowered proliferation and numbers of Th cells as well as 
locally diminished numbers of Treg cells in Peyer’s patches (PPs) and in mesenteric lymph nodes 
(MLNs), demonstrating a complex relationship between microbiota and the host9. 
SCFAs and other anti-inflammatory microbial metabolites are mainly produced by obligatory 
anaerobic bacterial strains, while many of the facultative anaerobic ones are associated with gut 
dysbiosis (i.e. elevated relative or absolute numbers of pathogenic bacteria, a decrease in the abundance 
of commensal microbiota or changes in bacterial metabolism or spatial distribution of microbiota in the 
gut) and pro-inflammatory state. 
2.1.2. Gut dysbiosis 
Gut dysbiosis is associated with a rising number of documented pathological conditions resulting from 
immune dysregulation, such as autoinflammatory and autoimmune diseases (e.g. systemic lupus 
erythematodes, type 1 diabetes mellitus, rheumatoid arthritis and more), diabetes mellitus type 2, 
cardiovascular diseases, obesity, cancer, infectious diseases, and others (discussed in 4,5,10–14). 
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The prototype disease cluster known to be associated with dysbiosis is IBDs. There is an 
ongoing research of the interplay between genetic polymorphisms/mutations (most notably 
polymorphisms in the nucleotide-binding oligomerization domain-containing protein 2 gene – NOD2), 
immune response dysregulation and the effect of microbiota and other environmental factors on the 
pathogenesis of IBDs1. The exact bacteria-induced pathophysiological trigger, as well as a single 
causative strain for the disease is unknown. However, there is a clear correlation between susceptibility 
genes, bacterial dysbiosis and abnormal immune reaction to microbes leading to inflammation, possibly 
generating a vicious cycle that results in worsening conditons of IBD patients1,15. To enlighten the 
potential causative role of microbiota for the disease development, several mouse colitis models were 
established, with impressive results. Colitis-susceptible mouse strains, for instance TRUC mice, 
developed colitis (or developed more severe symptoms) only in the presence of microbiota16. After 
microbiota transfer from mice with colitis to germ-free mice or even specific pathogen-free (SPF) wild-
type (wt) mice, the recipients also developed colitis symptoms16. Analogous results were achieved in 
clinical trials of ulcerous colitis patients, when experimental fecal transplants were used that resulted in 
clinical remission when “healthy” microbiota was used (e.g. several strains of Clostridium and 
Ruminococcus)17. Similar evidence of the obligatory microbial presence and/or dysbiosis for the disease 
development were demonstrated for other diseases, such as rheumatoid arthritis18,19. 
2.1.3. Gut organ axis 
One of the recent most striking findng in the field of microbiota is the vivid bidirectional connection 
between the gut microbiota and other organs of the host – the gut-organ axis, often mediated by immune 
system2. Examples include the gut-adipose axis, gut-bone axis, gut-heart axis, gut-kidney axis, gut-liver 
axis, gut-skin axis, and perhaps the most surprising connection found was the gut-brain axis, with 
important functional consequences in both health and disease2. Immunological, hormonal, metabolical 
and neuronal connections are all part of the network connecting gut microbiota to the function of the 
brain and vice versa2. Recently, the effect of microbiota was proven in numerous neurological 
conditions, most notably Alzheimer’s disease, multiple sclerosis, autism spectrum disorder, depression 
or others20,21. Comparative studies of patients with respective neurological disorders and control 
individuals revealed significant abundance shifts for various bacterial strains21. It was also demonstrated 
that SCFAs from gut bacteria affect the development and function of microglia throughout the life of an 
individual, providing further links between gut-brain axis as well as the microbiota-immune system 
interface22. 
2.1.4. Microbiota and cancer 
Another rapidly emerging topic in the field of microbiota is its relation to cancer. On one hand, specific 
bacterial strains can promote tumorigenesis, the classic example being the development of gastric cancer 
as a result of Helicobacter pylori infection23. On the other hand, gut microbiota can influence not only 
the pathogenesis of cancer, but also the outcome of cancer therapy, such as the effectivity of 
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immunotherapy, its adverse effects, such as graft-versus-host disease after hematopoietic stem cell 
transplantation, of influencing the tumor microenvironment23–26. For instance, the microbiota was 
demonstrated to be essential for the success of checkpoint inhibitor therapy26–28. In the future, tailoring 
the microbiota for the respective treatment (or vice versa) could therefore be an important strategy to 
highly improve disease outcome. 
2.1.5. Microbiota versus host genetic backround 
Despite the unique outer environment of every individual, resulting in importantly unique microbiota 
composition, we should not omit the genetic factor that comes to play as a response to bacterial 
colonization. This variation can be demonstrated on distinct mouse strains kept under the same living 
conditions, that shows differing levels of IgA production29. This finding highlights the influence of 
genetic backround on microbiota diversity and composition from within. It can also be a warning for 
experimental design as many procedures may lead to dissimilar results once different mouse strain is 
used. In addition, it may put a limit to the extent fecal microbial transpants or the use of probiotics may 
have on long-term changes in microbiota composition needed for therapeutical success. 
2.1.6. Specific bacterial strains and their effects 
So far, the general concept of metabolites, changes and diseases associated with variations in microbiota 
was discussed. However, there are also specific bacterial strains with unique effects on the host, that 
generally cannot be achieved by other strains, or only to a lesser extent. Two famous examples are 
segmented filamentous bacteria (SFB) and specific strains of Clostridium. Segmented filamentous 
bacteria were documented to induce Th17 response within the individual, that includes the production 
of interleukin 17 (IL-17) by group 3 innate lymphoid cells (ILC3) and Th cells30,31. For adequate Th17 
response, bacterial sensing has to be mediated by dendritic cells (DCs) and generally occurs in Peyer’s 
Patches32. 
On the other hand, several strains of Clostridium, mainly Clostridium leptum and coccoides 
groups, were found to have anti-inflammatory effects by boosting the differentiation as well as the 
activation of induced Treg cells (iTregs) in colonic lamina propria33. They were also shown to be able 
to lessen colitis symptoms upon oral introduction34. Similar effect on the activation of Tregs, although 
not necessarily on boosting their cell numbers, was observed after the colonization of germ-free (GF) 
mice with Bacteroides fragilis35. Monocolonisation of GF mice with B. fragilis was also able to balance 
the Th1/Th2 balance within host (normally skewed towards Th2 in GF animals) and ensure normal 
development of lymphoid organs in the gut36. These functions were attributed to bacterial polysaccharide 
of B. fragilis36. 
Recently, a study showed that upon monocolonisation, nearly all bacteria are able to massively 
colonize a murine gastrointestinal system, and that de facto all bacteria had some kind of effect on 
immune cell population counts or their functions37. Surprisingly, these seemed to be independent of the 
bacterial phylum, as there was no shared effect among strains within any of the bacterial phylla used, 
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and conversely, there were many shared effects between strains from different phylla37. Therefore, in 
conventionally colonized individuals, the complex effects on the host likely result from the sum of the 
individual effects of all bacterial strains weighted by respective strain abundances. 
However, a recent study showed that (at least in some aspects) colonization by a single bacterial 
strain may be sufficient for normal development of murine pups. Lactobacillus plantarum was able to 
fully revert the changes seen in the maturation of young mice kept under GF conditions, such as lower 
weight gain and shorter body size38. These findings indicate that monocolonisation with L. plantarum 
has a systemic effect on the development of juvenile mice into adulthood and that it may provide a 
simplified but well-defined system for comparing the effects of microbiota between germ-free and 
conventional breeding conditions. 
2.1.7. Microbiota establishment during ontogenesis 
There is still and ongoing debate on how and when the microbiota enters the bodies of newborn 
individuals, and which factors affect its composition. Evidence suggests that there happens to be a 
limited time window (“window of development”) in the ontogenesis of an individual during which a 
distinct pro- or anti-inflammatory “imprinting” pattern is established according to the presence of 
microbiota that is then carried on later in life, leading to a differing susceptibility to various 
inflammatory conditions (e.g. colitis) for an individual39. This time period is usually attributed to the 
newborn period, from birth until weaning, although another – fetal time period – is also increasingly 
discussed as evidence suggests that dysbiosis or antibiotic treatment during pregnancy has a profound 
impact on the newborn39,40. Placenta may also contain some bacteria, metabolites of which may shape 
the early immune system of the fetus, although the findings are still controversial and often even 
contradictory41,42. Nonetheless, researchers agree that while some effects may not be imprinted and can 
be normalized when “healthy” microbiota is induced later in life, some, such as higher chances of 
developing food allergy, appear to be rather permanent once the weaning period ends43. There is 
therefore a critical time for an individual to be introduced to microbiota during delivery and lactation 
for their healthy development. 
The delivery mode was found to influence the microbiota composition of the newborn child, at 
least for the early childhood44. The microbiota enriched in the ceasarean section in comparison to vaginal 
delivery contained more potentially pathogenic taxa, which may put infants born via ceasarean section 
into greater risk of developing respiratory tract infections, at least during their first year of life44. The 
group born via vaginal delivery showed greater abundance of Bifidobacterium species, beneficial for 
overall health44. The consequences of delivery mode on microbiota composition were independent from 
the outcome of lactation44. 
Understanding how lactation and maternal microbiota influence the microbiota composition in 
offspring is still under investigation. It was determined that breast tissue microbiota differs with the 
geographical location and is also not identical to the skin tissue of the breast, with the possibility that 
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some bacteria present in breast tissue may be originating in the gut45,46. The same is true for milk ingested 
by the newborn, with the mixture of skin microbiota and some phylla with much higher abundance in 
the gut, such as Firmicutes47,48. The bacteria in the breast tissue could therefore be transferred to the 
newborn by lactation, as the breast tissue microbiota and the newborn gut microbiota share some similar 
bacterial phylla45. Although not all bacterial phylla found in milk may stably colonize the newborn, 
lactation obviously affects the newborn fecal microbiota, the biggest effect being an increased 
abundance of Bifidobacterium species in comparison to formula-fed infants49,50. With the knowledge 
that parts of the bacteria or even whole alive bacteria may be transferred by DCs from the gut (mostly 
from Peyer’s Patches) through mesenteric lymph nodes and lymph or blood up to the breast tissue and 
milk and that this translocation is strengthened during pregnancy and lactation led to the formulation of 
entero-mammary pathway hypothesis51–53. Changes to the maternal body during pregnancy could help 
enabling increased translocation of bacteria and various observed immune cells from the gut to the 
breast, supporting the hypothesis54,55. Despite this evidence, the existence of entero-mammary pathway 
remains controversial and is yet to be fully proven an accepted with the help of novel methodological 
approaches. 
2.1.8. Approaches for studying microbial effects on the host 
Last but not least, two most common approaches for studying microbiota and its effects on development 
and homeostasis in general will be discussed and compared briefly. Antibiotic treatment, offering cheap 
and fast results without the need of special equipment or manipulation, is much less standardized than 
GF approach, partially due to numerous treatment regimens and different antibiotic combinations56. Off-
target drug effects should also be taken into consideration and results should be ideally verified with 
another approach56. Resistance to antibiotics and colonization with other parts of microbes, such as 
viruses and fungi both present difficult challenges to resolve, sometimes leading to the addition of 
antimycotics to the mixture of antibiotics56,57. Bacterial colonization is also still present on the skin (and 
to some extent in other sites as well) of treated animals56. GF conditions on the other side, despite 
generally more expensive, harder and more time consuming to establish, offer stable and standardized 
approach with the ability to colonize the animal with specific microbiota (gnothobiologic approach)56. 
However, each strain and each genotype has to be established into GF conditions de novo and with the 
special handling options, some experiment types are limited56. Another difference between the two 
approaches is that while GF organisms never interact with microbiota unless colonized, antibiotic 
treatment is generally introduced to adult/adolescent animals after a normal development (although 
antibiotic treatment of pregnant and lactating animals may simulate the GF approach for the pups), 
which can be both advantageous and disadvantageous depending on specific research topic56. Antibiotic 
treatment and GF approach can therefore produce identical or differing results, and some results are still 
often inconsistent or controversial depending on the conditions (such as antibiotic treatment regimen or 
mouse strain used)56. Using both these approaches, numerous morphological, numeric and/or functional 
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differences (both local and systemic) from SPF mice were found (topic extensively reviewed in 56). A 
few examples include reduced numbers of B and T cells in small intestine, reduced colonic Th cell 
numbers, or systemic reduction of memory and effector T cells and Tregs58. Many myeloid cell types, 
such as macrophages, neutrophils and monocytes were also decreased in numbers systemically59. It was 
also established that to the development of isolated lymphoid follicles (ILFs), bacterial signals (such as 
peptidoglycan from gram-negative bacteria or lymphotoxin) were essential60,61. Despite clear 
advancements in recent years, there is still space for uncovering unknown instances about the impact of 
microbiota on development and function of organisms. There is also an increasing amount of dated 
information regarding GF animal morphology that is ofen widely accepted and passed on, with the need 
of data reviewing and validation with newer approaches and methods62. There is also a need for 
quantitative approaches since rates and abundances of the immune cells/particular microbiota species 
could greatly help to understand the overall complexity of the above-mentioned concepts. 
2.2. Secondary lymphoid organs 
Secondary lymphoid organs consist of spleen, lymph nodes, tonsils, and mucosa-associated lymphoid 
tissues. Gut-associated lymphoid tissue (GALT) is the biggest and most studied mucosal lymphoid 
structure, especially in relation to microbiota. There are two parts of GALT: organized GALT, which 
will be discussed further, is composed of MLNs, PPs in the small intestine (and coecal and colonic 
patches), and solitary intestinal lymphoid tissues (SILTs) – cryptopatches and their mature counterparts 
ILFs63–65. Diffuse GALT contains mostly effector immune cells in lamina propria and intraepithelial 
lymphocytes65. GALT encompasses a variety of innate and adaptive immune cells, most abundant being 
B and T lymphocytes (cytotoxic, helper and regulatory), dendritic cells, macrophages, and innate 
lymphoid cells13. The formation and function of GALT structures is under a great influence of 
microbiota13,66. 
Most often, in the analyses of these structures, only relative abundance changes are discussed, 
without the emphasis on absolute numbers. Data on quantification of cells and cell types among these 
compartments is relatively scarce and often comes from estimates from histological slides in pre-
cytometric era and data from various sources often differ significantly62. Yet even minor abundacne 
shifts could have a great impact on the health or physiological status. Therefore, it is important to 
confront the “universal truths”, quite often as part of the “scientific mythology”, with the quantitative 
data obtained using up to date approaches. 
2.2.1. Peyer’s Patches and solitary intestinal lymphoid tissues 
Peyer’s Patches are the largest (1-2mm in diameter in mouse) and the only macroscopically visible 
lymphatic structures within the gut67. From the luminal side, they are lined by M (microfold) cells 
transporting antigens and bacteria to the subepithelial dome for antigen presentation and T cell priming 
by DCs65. The bulk mass of Peyer’s patches consists of B cell lymphoid follicles with germinal centres, 
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surrounded by smaller interfollicular T cell zones65,68. Germinal centers first appear during the weaning 
period and GF mice were reported to lack germinal centers within lymphoid follicles69,70. The number 
of Peyer’s patches slightly varies with different strains of mouse, gender as well as from animal to 
animal. For C57BL/6J female mice, the average number of Peyer’s patches per mouse was 6,5 varying 
from 5 to 971. Gender also affected the number of cells in PPs, for females being slightly lower than for 
males, at about 8.19 × 105 cells per PP71,72. For BALB/c female mice, the number of PPs per mouse was 
6-8, with the pooled cell number of 8 × 106 per mouse73. 
Cryptopatches and ILFs differ in size and cellular content. While cryptopatches are about 
100μm in diameter and are composed mainly of precursor c-kit+IL-7R+ cells LTi ILC3s and CD11c+ 
DCs, ILFs are about 2-5 times bigger in diameter and contain a B cell germinal centre, surrounded by 
a small T- and DC-rich area74,75. ILFs are also lined by M cells on the luminal side and have analogous 
cellular content to PPs, including nearly identical ratios of immune cells in addition to analogous spatial 
organisation of B, T and dendritic cells, bearing further similarity to them75. However, in GF animals, 
composition of ILFs is changed drastically, as B cells are present in minority and scarce germinal centers 
are found while a substantial increase in c-kit+ cells is observed, mimicking the „less-differentiated, 
cryptopatch-like“ phenotype75. While conventional SPF mice has around 100-200 relatively regularly 
interspersed ILFs along the antimesenteric side of the gut, only cryptopatches are detected in 
lymphotoxin α-/- mice, supporting the hypothesis that ILF may develop from cryptopatches as a form of 
their maturation61,75. This hypothesis is further supported by a finding that mouse cryptopatches may 
give rise to human GALT in a chimeric mouse model and are critical for GALT formation74. While PP 
development starts prenatally, SILT development and maturation into ILFs is initiated after birth and is 
dependent on microbiota60,75. Nonetheless, while PPs are present in GF mice, the PPs are still influenced 
by microbiota introduction, as the absolute numbers of cells in PPs as well as B to T lymphocyte ratio 
both increase during the weaning period76. 
2.2.2. Mesenteric lymph nodes 
Mesenteric lymph nodes in mice, together with duodenopancreatic lymph nodes and caudal lymph node, 
drain lymph from the small and large intestine and coecum, in an anatomical location-based manner 
analogous to humans (see )65. There is also a lymph-draining gradient present within MLNs, resulting 
in slightly different composition (e.g. differing relative numbers of DC subsets and presence of food 
antigens in upper MLNs – draining small intestine)77. Murine MLNs are part of an encapsulated string-
like complex within the fatty tissue, placed parallel to the superior mesenteric artery. Usually, the 
complex is analysed as a whole, due to the challenging task of differentiating between individual nodes 




Figure 1: Schematic representation of the lymph drainage system from the gastrointestinal tract in mouse. Sites drained by 
respective lymph nodes is color-coded. Schematic drainage system inside the intestinal vilus is depicted on the right. Figure 
reprinted from Mowat and Agace65. 
The structure of the individual MLNs is that of classical lymph nodes: the B cell-rich cortex 
with germinal centers, the T cell-rich paracortex where DC:T cell immunological synapse takes place, 
and medulla, containing blood vessels, medullary sinuses and medullary cords rich in macrophages and 
plasma cells79. Under physiological conditions, the number of cells in the MLN complex is reported as 
nearly 13 million for C57BL/6 mice and increases significantly during infection80. Still, data on MLN 
cellularity for different mouse strains differ significantly, up to 60 million for BALB/c strain81. 
However, the overal cellularity ratio remains roughly the same among different studies, with over 2:1 
T:B cell ratio in normal conditions and shifting towards B cells during infection80,81. On the other hand, 
germ-free animals are reported to have slightly reduced size of MLNs, which lack germinal centers (or 
have highly diminished numbers) and show reduced numbers of IgG-producing plasma cells within the 
lymph node62. 
A unique but critical function of MLNs on top of lymph filtration includes initiation and 
maintainance of oral tolerance, this task being performed by DCs migrating to MLNs from the gut and 
PPs82,83. In fact, more food antigen presentation was reported to take place in MLNs than in PPs84. Aside 
from the antigens and fatty molecules from the diet, live bacteria are also transported from the gut to the 
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MLNs, the transport being mediated by CD11c+ DCs again85. The presence of MLNs hinders bacteria 
from reaching systemic circulation and allows for antigen presentation in the MLNs85. CCR7 chemokine 
has a crucial role in the migration of DCs from the gut wall into MLNs83,86. 
2.2.3. Spleen 
Spleen is a secondary lymphoid organ with an increasing evidence of its importance in recent years, for 
example for controlling sepsis87. It reflects systemic changes in the immune system state and function, 
which is the reason why it is often explored or serves as a control or reference for other sites in numerous 
immunological studies88. It consists of red pulp, which is the place for blood filtration from pathogens, 
old cells and smaller bodies by macrophages, and white pulp, with B and T lymphocyte zones and outer 
marginal zone rich in B cells and macrophages that enter the inner follicles once activated89. 
Nevertheless, the main functions of spleen include blood filtration and iron salvage, antibody production 
and immune response to foreign or pathogenic cues in general, and, conversely, the induction and 
conservation of antigen tolerance88–90. 
In mice, spleen consists of about 1.19 × 108 cells in mice, most predominant being B cells 
followed by T cells71,90,91. Spleen also hosts various other immune cell types, such as various DC subsets, 
NK cells, monocytes, ILCs, NKT cells, γδ T lymphocytes and other90. No differences in overall cell 
numbers between strains (C57BL/6J and BALB/c) were observed in steady state91. In GF mice, germinal 
centers in B cell zones are very rare, similarly to the lymph nodes62. However, this finding reflects the 
activation status of B cells but not necessarily significantly affected their numbers, although some 
studies describe a decrease in cell numbers of the spleen in GF animals and/or changes in their ratio56,92. 
From above mentioned is obvious that despite the recent focus on interaction between microbiome and 
host immune system, more studies are necessary to reflect the whole spectrum of changes in cellular 
content in systemic as well as local immunity, particularly with the power of GF or gnotobiological 
mouse models. 
2.3. Immune cell populations and their markers 
Immune cell populations sensu stricto (almost all cell types could be involved in the immune reactions) 
are all of the hematopoietic origin (both myeloid and lymphoid) and therefore share some common traits 
and cell surface markers, while significant differences are also present between each population. Every 
common immune cell population, such as B and T lymphocytes, macrophages, or DCs, has a spectrum 
of subpopulations, defined by a unique set of markers (sometimes unique markers are not yet well 
defined)93. Many of them vary among different species, such as human and mouse, although some are 
shared93. Respective subpopulations differ not only in their expression profile, but also in abundancies 
and distributions among different tissues and the blood, in their functions and sometimes even in their 
morphology. This chapter is not trying to be and exhausting list of all the different subtypes of all 
immune cell populations and their markers in mouse by any means, but rather a highlight of the most 
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important core information relevant for this work. Hence, some cell types, such as eosinophils, basophils 
or mast cells will be omitted from this overview. 
Being of the hematopoietic origin, all immune cells are CD45 positive (with a wide range of 
surface abundance, glycosylation patterns and, importantly, several splicing variants). CD45 is a 
multiple-isoform transmembrane protein tyrosine phosphatase present on all hematopoietic cells except 
mature erythrocytes and platelets94,95. Therefore, CD45 is a suitable pan-immune cell marker to 
differentiate between immune cells and other cells in tissues/blood that may have similar morphology 
to avoid numerological bias96. CD45 is responsible for inducing or attenuating Src kinase family activity 
in lymphocytes depending on dephosphorylation of respective tyrosines, according to various 
circumstances95. Janus kinases (JAK) and some other proteins have also been reported to be substrates 
for CD45, widening the horizon of CD45 function to other signalling pathways, such as terminating the 
JAK/STAT (signal transducer and activator of transcription) pathway in cytokine signalling95,97. In 
conclusion, as CD45 is a crucial molecule in various immunological signalling pathways and is common 
to all immune cells, its positivity as a marker should always be accounted for in addition to specific cell 
markers for respective immune cell types. 
2.3.1. B cells 
B cells are an abundant subset of lymphocytes bearing the B cell receptor (BCR), whose main goal in 
naïve B cells is to recognize a specific native antigen and internalize it for digestion and antigen 
presentation on MHC II molecules to T cells. Upon costimulation from follicular helper T cell (Tfh), 
activation, proliferation, and affinity maturation of the antigen-recognizing B cell is induced, producing 
memory cells and plasma cells. During maturation, B cells form germinal centers within lymphoid 
follicles in B-cell rich areas of secondary lymphoid organs where the encounter with foreign antigen 
took place, the antigen being scaffolded on follicular dendritic cells98. Thoughout the maturation process 
in the periphery, just as during the development of B cells in the bone marrow, each developmental 
stage is characteristic of its unique set of cellular markers. 
A non-specific pan-B cell marker (not expressed in plasma cells), present on all antigen 
presenting cells (APCs), is CD4099. It is a critical costimulatory protein for B cell activation by Tfh, 
germinal center formation and maturation of B cells99. However, typical and most widely used B cell-
specific markers in flow cytometry, immunohistochemistry, and therapy, are CD19 and CD20. While 
CD19 is a pan-B cell marker and acts as a co-receptor in BCR signalling by signal amplification from 
src family kinases, CD20 is a mature B cell marker functioning as a calcium channel100,101. In mouse, 
B220, an isoform of CD45 – CD45R, is also a pan-B cell marker, positive from the pre-pro B cell stage 
on. Howerver, unlike CD19, B220 expression is not restricted for B cells, rather it can be found on some 
activated T cells or plasmacytoid dendritic cells102–105. B220 expression lowers during the B cell 
maturation into plasma cells106. Instead, CD138 marker is a typical cellular marker for plasma cells, 
playing a role in their pro-survival signalling106,107. 
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Above mentioned information mostly holds true for conventional follicular B-2 cells. Other 
subpopulations of B cells, however, may not share all the specifications and, rather, express some unique 
markers. For example, B-1 cell, marginal zone B cells and plasma cells share the expression of CD9108. 
B-1 cells further express CD11b, a myeloid cell integrin marker, and are differentially segregated into 
B-1a and B-1b cells according to the expression of CD5 (positive and negative, respectively)109. A broad 
category of regulatory B cells (Bregs), sensu lato also including marginal zone B cells or plasma cells, 
is rather defined functionally by the production of anti-inflammatory cytokines110. Its subpopulations 
have some defined unique markers, such as CD19+CD21+CD23- for marginal zone B cells or 
CD5+CD1dhi for B10 cells, both found in spleen111,112. However, cellular markers are not yet known for 
every subpopulation in human/mouse (such as B regulatory 1 cells in mouse) and the origin and required 
conditions for development of different populations are still under investigation110. 
A newly described but still highly controversial lymphocyte species is “lymphocyte X” – a 
cellular cross in between B and T lymphocyte, bearing both BCR and T cell receptor (TCR)113. It was 
first reported only relatively recently in diabetes mellitus type 1 patients and was highly discussed and 
questioned immediately114,115. However, the appearing coexpression of B and T cellular markers is a 
long-known phenomenon in flow cytometry, reported by numerous studies116–118. Nevertheless, double 
positivity of B and T cell markes is usually accounted for cellular dublets, other preparation artifacts, 
or, in most cases, not adressed at all115,119,120. For these reasons, further research will have to be 
concluded to confirm these findings for them to be widely accepted in immunological community. 
2.3.2. T cells 
T lymphocytes, TCR-containing CD3-positive cells, are a population of immune cells encompassing a 
great variety of subpopulations with different functions. From αβ CD4+ Th cells, further subdivided into 
three main branches of effector T cells – Th1, Th2 and Th17 and other smaller populations; Tregs, other 
regulatory T cell subsets, and Tfh cells; through αβ CD8+ Tc cells, to a population of γδ T cells with 
TCR of limited variability. CD3 is a protein co-receptor of TCR, responsible for signal transmission 
into the cell, as well as CD4 and CD8, recognizing MHC II and MHC I molecule, respectively. However, 
as evidence suggests, some αβ cells may physiologically remain CD4 and CD8 double negative outside 
of the thymus, which was previously attributed only to lymphoproliferative diseases121. Similar is also 
true for double positive cells, which could in physiological circumstances have anti-viral or regulatory 
effects122,123. While extracellular marks of respective Th (and Tc) subpopulations exist (mostly in the 
form of chemokine receptors or lectins), intracellular transcription factor markers (such as T-bet, 
GATA3 and IRF4, RORγT and Foxp3 for Th1, Th2, Th17 and Treg, respectively) and cytokine secretion 
signatures are generally used more frequently124. Of extracellular markers, CD25 (which is a IL-2 
receptor alpha chain) and CTLA4 (a checkpoint inhibitor), both markers of Tregs (and Bregs and 
activated B and T cells in case of CD25) are best characterized124,125. Regarding γδ T cells, they are 
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usually recognized by γδTCR and CD3, although about 30% can also bear CD8 co-receptor126,127. Some 
of γδ T cells are also MHC II positive and can effectively serve as APCs128. 
To uncover the memory phenotype T cells, which is linked to altered expression profile after 
their activation takes place, several other markers are available. While there is still controversy about 
the developmental origin, several T cell memory phenotypes are known129,130. First, two memory 
compartments – central and effector memory T cells (TCM and TEM) – were uncovered in peripheral 
blood, differing in their expression of CCR7 (positive and negative, respectively), meaning preferential 
homing of TCM into secondary lymphoid organs and TEM into peripheral, especially inflamed, tissues131. 
Lymphocyte antigen 6C (Ly6C) was also reported to enhance the homing capacity of TCM into lymph 
nodes in mice132. Residing in peripheral tissues even in homeostatic conditions are the tissue-resident 
memory cells, usually CD69 positive (unlike circulating memory T cells)133. However, their expression 
profiles vary according to the respective organ134. Another discovered memory T cell population with 
stem cell properties, named stem cell memory T cells, is characterised by the expression of CCR7, 
CD45RA, and CD95 (Fas), among others135. On the other hand, a terminally differentiated population 
with the re-expression of CD45RA (characteristic of the naïve and stem cell memory T cells) was found 
and named TEMRA. This population has varied cell numbers as well as phenotypes, ranging from one 
similar to TEM to the expression of cytotoxic signature, such as the expression of perforin, granzyme B, 
and many others136. Finally, perhaps the most peculliar population of memory T cells is the virtual 
memory T cell population with memory-like phenotype of high expression of CD44, which is able to 
react rapidly on the first encounter with an antigen and present even in GF mice137. 
2.3.3. NK cells 
NK cells, often perceived as innate counterparts of Tc cells, are cytotoxic innate lymphocytes classified 
into group 1 ILCs138. As for all ILC groups, for NK cells is distinctive the absence of both BCR and 
TCR (and their co-receptors). For NK cell markers, typical is the presence of NKp46 (natural 
cytotoxicity receptor), and CD56 (neural cell adhesion molecule) in humans and NK1.1 in mice139–141. 
Other receptors, such as NKG2D and various species-specific molecules, regulate the activation status 
of NK cells142. While human NK cell repertoire is formed by the combinatorics of KIR family (Killer 
Ig-like receptors) receptors, murine NK cell receptors are of Ly49 family (lectin-like)143. Some NK cells 
also express CD11b and/or CD27 and are further divided into four developmental categories regarding 
the expression of these markers, with different abundance among tissues as well as their functional 
capacity144. 
2.3.4. NKT cells 
NKT cells share both T-cell and NK-cell markers – they express both TCR, with its co-receptor CD3, 
as well as CD56 and NK1.1145. However, NK1.1 is not expressed in BALB/c mouse strain, as well as 
many others, leading to difficulties in identification of NKT cells in some mouse strains, as NKT cells 
also do not express NKp46146,147. It was also reported that the NK1.1 expression is not completely 
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universal among NKT cells148. TCR of NKT cells has a limited variability and recognizes lipidic 
molecules in the complex with CD1d. According to their TCR, NKT cells can be further divided into 
two types: type 1 is the invariant NKT cell subset (with TCR containing Vα14-Jα18 rearrangement in 
mouse or Vα24-Jα18 in humans) recognizing primarily α-galactosylceramide, and type 2, diverse NKT 
cells, recognize various other glycolipids149,150. In the sense of CD4 and CD8 molecules expression, 
NKT cell can be either double negative or express CD4 in mice, and further subsets, expressing Th1-, 
Th2-, Th17- or Treg-like cytokines have been reported for iNKT cells151–154. In humans, CD8 expression 
is also possible155. The importance of studying NKT cells and their functions became clear after an anti-
tumorigenic activity was proposed in type 1 NKT cells and the opposite was reported in type 2 NKT 
cells, leading to various therapeutic trials156. Asthma and autoimmune disorders are among other 
diseases NKT cells were identified to play an important role in157,158. 
2.3.5. Innate lymphoid cells 
Innate lymphoid cells, a lymphoid population characterized by the absence of both BCR and TCR, is 
especially abundant at mucosal surfaces. Three main groups of ILCs are described according to cytokine 
production – the first group consists of the aforementioned NK cells, and ILC1, innate counterparts of 
Th1 cells. The only known representant of the second group are ILC2, resembling Th2 cells. The third 
group is composed of ILC3, mirroring Th17 (and Th22 cells), and lymphoid tissue inducer cells (LTi) 
of fetal origin, which antenatally regulate lymph node and Peyer’s patch development159,160. In addition 
to the three groups, ILCreg, a Treg-like cell population, was recently described161. Innate lymphoid cells 
mostly lack specific cellular markers and are distinguished by their transcription factor expression 
(analogous to T cells) and their cytokine production profiles (IFN-γ; IL-5, IL-9, IL-13; and IL-17 and 
IL-22 for ILC1, ILC2, ILC3, respectively)162. Regarding cell surface markers, ILC1 are, like NK cells, 
NK1.1 and NKp46, as well as CD122 positive163,164. However, unlike NK cells, ILC1 express TRAIL 
cytotoxic molecule but do not express perforins (or only in small quantities)163. Murine ILC2 express 
CD44 as well as CD127 (IL-7Ra) and CD25163,164. ILC3 can be further subdivided into NK cell receptor 
positive (with the development dependent on microbiota) and negative subpopulations according to the 
expression of NKp46 (and some even NK1.1), and, together with LTi cells, are CD254 (RANKL), as 
well as IL-1R and IL-23R positive163,165,166. However, ILC3 differ from LTi by the absence of CCR6 
and CD4 (most subsets) expression and by the lower expression of CD127163,164,167. Both ILC2 and ILC3 
subsets were demonstrated to express MHC II and are capable of antigen presentation168,169. 
Nonetheless, the phenotype of all ILC subtypes, especially ILC1, is highly tissue-specific and positivity 
or negativity of many markers must be accounted for in respect to the concrete tissue170. To sum up, 
there is still much to be uncovered about ILC subpopulations, their potential markers and plasticity. 
2.3.6. Dendritic cells 
Dendritic cells are the main antigen-presenting cell type in the body. They internalize antigens by 
numerous processes, partially digest them and present them on MHC II (or MHC I by cross-
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presentation) to T cells after migration to lymph nodes in a chemiokine gradient. However, DCs do not 
form a single uniform population, and are in fact categorized into several groups and subgroups with 
unique cellular markers and sometimes even form tissue-specific populations. 
Two main groups of dendritic cells are established – conventional (classical) DCs (cDCs) and 
plasmacytoid dendritic cells (pDCs). cDCs can be further subdivided into two subgroups, cDC1 and 
cDC2171. cDC1 are a usually less abundant than cDC2 (with the exception of thymus), but the degree 
varies across different tissues172. They are mainly endowed with cross-presenting capabilities, enabling 
them to prime primarilly CD8+ Tc cells173. Typical cellular markers separating them from cDC2 subset 
are CD8 in lymphoid tissues and CD103 (an integrin) in other tissues, XCR1 (a chemokine receptor), 
IRF8 (a transcription factor) and low to no levels of CD11b171–175. On the other hand, CD4+ Th cell-
priming cDC2 express high levels of CD11b, IRF4, CD172a (SIRPα, an inhibitory „don’t eat me“ signal 
receptor) and vary in the expression of CD4 and F4/80 (an adhesion-G protein-coupled receptor)171–
173,175. In the intestine, an additional CD103+ CD11b+ population was reported173,176,177. Both cDC types 
express typical cDC markers, such as CD26 (a costimulatory molecule), CD11c, CCR7 and a wide rande 
of toll-like receptors (TLRs), the most famous pattern-recognition receptors173,178. However, murine 
CD11c cell surface expression lowers once cDCs are activated179. 
pDCs are a subset od DCs with unique morphology and function180. While the main function of 
cDCs is to capture antigens by various cellular processes and prime T cells, pDCs resemble plasma cells 
and excel in their ability to produce type I and III interferons (IFNs) as a response to viral infection180. 
This is reflected in their distinct expression of cDC-specific cellular markers, such as lower levels of 
MHC II and CD11c expression173. pDCs also bear a unique set of markers compared to cDCs, including 
Bst2 (a lipid raft associated protein), Ly6C, Siglec-H (a lectin binding sialic acid) and B-cell marker 
B220172,173,180. Typical for pDCs is also the expression of TLR7 and 9173,180. Similarly to cDCs, pDCs 
also express CD26172,173. CD172a expression and CD4 expression are markers pDCs share with some 
cDC2s, while some pDC subsets (especially in the gut) can also express CD8, similarly to cDC1s172,173. 
pDCs also express high levels of IRF8 and only low to intermediate levels of IRF4 transcription 
factor172,173,180. 
2.3.7. Macrophages 
Macrophages, functioning as professional phagocytes and APCs residing in all peripheral tissues, are 
descendants of embryonal macrophages and of monocytes after their extravasation from the blood181. 
Monocytes, CD11b+F4/80+CD115+ cells in mice, can be further divided into two subsets. The classical, 
Ly6C+ subset, patrols extravascular tissues in addition to blood and gives rise to tissue macrophages 
and even special subset of monocyte-derived DCs, especially in inflammatory conditions, whereas non-
classical Ly6C- subset (originating from Ly6C+ monocytes) patrols blood only, not giving rise to 
macrophages182. Just as monocytes, macrophages are also known to express CD11b, F4/80 along with 
CD14, TLR 2 and 4, and Fc gamma receptors (CD64, CD32, CD16)183. Additionally, some of them, 
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such as dermal, alveolar or intestinal macrophages, can also express CD11c, hindering the easy 
separation from DCs184,185. Macrophages are also known to have high autofluorescence, further 
complicating the problem with cell analysis172. 
Macrophages form several subpopulation according to their activation status, anatomical 
distribution, and corresponding cellular marker expression. The basic dichotomy of activated 
macrophages are M1 („classical“) and M2 („alternative“) subsets, with a pro-inflammatory and anti-
inflammatory (reparative) phenotypes, respectively. For their diferentiation, several unique cellular 
markers were found, such as CD38 for the M1 and Egr2 for the M2 population186. Regarding organ-
specific populations, a few examples will be provided. Peritoneal macrophages, an abundant, easily 
obtainable and frequently analysed population, can be further subdivided into large and small peritoneal 
macrophage subset187. Large peritoneal macrophages are more abundant in steady state and are 
characteristic of high levels of F4/80 and CD11b expression, along with the CD11c expression, and low 
MHC II expression, whereas the small peritoneal macrophage subpopulation expresses only lower levels 
of F4/80 and CD11b and is negative for CD11c187,188. However, the expression of MHC II is higher in 
small peritoneal macrophages and they are the prevalent population in inflammatory conditions187,188. In 
lymph nodes, three distinct subsets of macrophages were found – subcapsular sinus macrophages 
(CD169+ CD11b+ F4/80-), medullary sinus macrophages (CD169+ CD11b+ F4/80+) and medullary 
zone macrophages (CD169- CD11b+ F4/80+)189. In spleen, four macrophage subpopulations were 
reported – white pulp macrophages, red pulp macrophages, marginal zone macrophages and marginal 
zone metallophilic macrophages, differing in levels of the expression of CD11b, F4/80 and Tim4190. In 
Peyer’s patches, monocyte-derived macrophages express CD4, and, together with monocyte-derived 
DCs, pDC marker Bst2 (although lower levels than pDCs)191. These examples clearly demonstrate that 
macrophage identification is not straightforward and is very tissue- and subpopulation-dependent, and 
various measures to clearly differentiate macrophages from other immune cell populations should 
always be taken. 
2.3.8. Neutrophils 
Neutrophils, the most abundant granulocytes in the peripheral blood, are myeloid polymorphonuclear 
cells. They migrate to the infection site from blood via diapedesis and fight pathogens either via 
phagocytosis and release of intracellular granules, or via netosis, releasing of neutrophil extracellular 
traps based on cellular chromatin192. Typical cellular markers of murine neutrophils include CD11b and 
Ly6G193,194. Together with numerous other cell types, neutrophils also express Ly6C195. Recently several 
subpopulations were uncovered, both in circulation and tissues196. In the blood, neutrophils are separated 
into fresh and aged fractions, with an increase in CXCR4 chemokine receptor, CD11b, CD11c, CD49d 
and others (possibly promoting entering the tissues) expression and decrease in Ly6G, CD62L and their 
size and number of granules during aging196–198. Tissue-specific neutrophils can be found in many organs 
including spleen (CD62Llow CD11bhi ICAM-1hi) or lymph nodes (CCR7-positive)196,199,200. Other forms 
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of neutrophils with unique functions include granulocytic myeloid-derived suppressor cells (expressing 
markers of classical neutrophils), low density neutrophils (CD15+ CD33+ CD66b+ CD16low in humans), 
or tumor-associated neutrophils, all with a significance in cancer196,201. Alteration of neutrophil 
phenotype was also reported to be achieved by microbial metabolites, enhancing antimicrobial 
properties and lifespan and influencing ageing of neutrophils196,197,202,203. 
2.4. MHC II molecules and antigen presentation 
Major histocompatibility complex (MHC) molecules are highly variable polygenic and polyallelic 
transmembrane glycoproteins encoded on chromosome 17 in mice and on chromosome 6 in humans 
(here termed HLA - human leukocyte antigen). Functionally, MHC molecules are responsible for 
presentation of peptides on the cell surface, either of (mostly) self antigens in the case of MHC I, or of 
non-self, ingested antigens for MHC II. The peptides for antigen presentation fit into grooves on MHC 
molecules (8-10 amino acid residues for MHC I and 15-35 for MHC II), which are their most variable 
3D loci, ensuring a varying binding specificity for different peptides. Almost every individual has a 
unique combination of MHC alleles and is therefore capable of presenting different combinations of 
peptides. This diversity functions as a guarding mechanism against vast variability of pathogens (and 
their appropriate antigenic patterns) so that the population as a whole can survive the infection, as well 
as shaping the susceptibility to various diseases on an individual level204. 
MHC II is a dimeric molecule composed of two transmembrane chains (α and β), each 
containing two extracellular immunoglobulin domains in addition to the transmembrane segment. Its 
assembly starts in the endoplasmatic reticulum by the dimerization of α and β subunits. The groove is 
covered with a trimeric invariant chain molecule (Ii) until the complex travels through the Golgi network 
into the late lysosome (more specifically MVB or MHC II-loading compartment, where the Ii gets 
cleaved, leaving a small residue called the class II-associated invariant chain peptide (CLIP) in the 
groove for peptide binding. Later, based on the activation of APCs and reorganization of the vesicular 
structure of MVB involving the non-classical MHC II variants) an exogenous peptide replaces the CLIP 
in the groove the and mature MHC-II molecule travels to the cell surface205. 
MHC II is expressed mostly on „classical“ or „professional“ APCs (DCs, macrophages and B 
cells, with DCs having the best presenting capability), and is especially upregulated upon their 
activation. The expression of MHC II is regulated mostly through transcription by the master regulator, 
CIITA (Class II Transactivator)206. CIITA has three different functional promoters, each used by 
a different subset of cells and responsive to different cues. MHC II production in DCs is mostly under 
the control of promoter I, whereas other hematopoietic cells utilize mostly promoter III207. Promoter IV 
is inducible, especially by IFN-γ208. This promoter plays a major role in macrophages as well as in non-
hematopoietic cells207. 
As implicated, other, non-professional antigen-presenting cell types, able to express MHC II 
and successfully prime naïve T cells (with the highest threshold for activation), have been reported in 
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the past several decades. At first, inflamed tissues across the body, via an infection or an 
autoinflammation diseases were identified as positive209,210. This way, critical roles for the presentation 
of antigens with similar sequences to microbial antigens (molecular mimicry) and antigens typically 
outside of the reach of the immune system (such as behind the hematoencephalic barrier or inside highly 
specialized cells such as endocrine cells) in the development of autoimmune conditions were uncovered. 
In the inflammatory microenvironment, a multitude of cell types (including astrocytes, thyroid cells, 
pancreatic islet endothelial cells, neutrophils, and many others) express detectable levels of MHC II and 
often also costimulatory molecules, crucial for succesful priming of naïve T cells and avoiding their 
death or anergy211–214. 
However, later it was uncovered that MHC II expression on non-professional APCs can occur 
even during homeostasis and serve unique functions. For example, studies have found the basal MHC 
II molecule expression in intestinal epithelial cells (IECs), with an increasing gradient from the crypt to 
the villus, in steady-state conditions215. Both IEC and ILC3 MHC II expression was demonstrated to 
help prevent pro-inflammatory conditions development in the gut in the steady state when MHC II 
expression was not accompanied by costimulatory molecule expression216,217. Nonetheless, the amount 
of MHC II and costimulatory molecules expression increases in (auto)inflammatory and immune-
mediated conditions, such as IBDs or coeliac disease, or during infection218,219. This goes hand in hand 
with a relatively recent finding of MHC II expression on intestinal stem cells (ISCs), with novel 
functional contexts atop of the role of a non-professional APC. MHC II function in ISCs during 
homeostasis and inflammation is linked to their self-renewal capacity as well as a differentiation bias to 
either Paneth (Th1 microenvironment) of tuft (Th2 microenvironment) cells, though the exact 
mechanism remains unknown220. In lymph nodes, multiple subtypes of lymph node stromal cells can 
also express MHC II molecules, though usually with a tolerogenic outcome221. Yet another function of 
MHC II expression in mice and various other animals is its role in fertilization, particularly in the 
recognition between a sperm and an egg222. 
Nonetheless, the most prevalent function of MHC II is classical antigen presentation. After a 
boom in identifying numerous cell types with cell surface-localized MHC II and therefore potential 
antigen presenters, it was also uncovered that the surface levels of MHC II do not always correlate with 
mRNA levels or even MHC II protein content inside the cells. To enlighten this phenomenon, several 
known mechanisms of cell-to-cell molecule transfer were proposed and later validated, such as 
exosomes (small extracellular vesicles), trogocytosis (exchange of small cell membrane patches during 
a close cellular contact, e.g. immunological synapse) or tunneling nanotubes223–225. This means that not 
all cells surface-positive for MHC II have the capability to endogenously produce MHC II, but rather 
that they may have acquired it from a nearby APC. An important example of this phenomenon are 
basophils, which were first identified as MHC II positive in a stimulatory environment but later the 
results were compromised when a lack of endogenous MHC II expression was shown226–228. Research 
has demonstrated that the surface molecules of MHC II were obtained by trogocytosis from DCs229. 
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Interestingly, exosomes-containing MHC II molecules produced by IECs were identified to stand behind 
the presentation of microbial antigens on DCs (at least to some extent), with both pro- or anti-
inflammatory outcomes possible230–232. Alternatively, MHC II molecules together with costimulatory 
molecules were detected on the surface of murine T cells, which normally do not express MHC II, after 
an interaction with a DC233. In conclusion, a finding of surface-bound MHC II (or other molecules) does 
not imply the origin of the molecule and alternative ways should be considered, especially if a 
discrepancy between surface and intracellular levels (or mRNA expression) of MHC II is observed. 
Another thing to consider is the presence of costimulatory molecules (CD80, CD86, CD40) on the cell 
surface, severely impacting the outcome of (non-professional) APC:T cell interaction. Nonetheless, 
MHC II cell surface positivity can be a good indicator of the involvement of a cell type in immune 
reactions, at least under specific conditions. 
2.5. MHC II-EGFP knock-in mouse model 
The discovery and isolation of GFP (green fluorescent protein) from the original host, the jellyfish 
Aequorea Victoria, has revolutionized the approaches to protein localization in living organisms in the 
last several decades so enormously that it was awarded a Nobel prize in 2008234. Since its discovery, 
several variants of GFP (or different fluorescent genes derived from invertebrates) were established with 
shifts in their excitation or emission spectra, such as YFP (yellow fluorescent protein) or CFP (cyan 
fluorescent protein), providing a way to study several proteins at once, and many more235. EGFP 
(enhanced green fluorescent protein) is a protein developed from the original GFP by two point 
mutations, resulting in the 35-fold increase of the fluorescence intensity236. This highly enhances the 
detection and therefore opens up the door for more precise measurements in the region of interest. Many 
hybrid genes with (E)GFP (or other fluorescent protein variants) inserted as knock-ins were engineered 
since, enabling the direct in vivo localization of protein of interest, and even quantification of their 
expression237. 
MHC II-EGFP knock-in mouse model was developed by replacing the original MHC II gene 
with MHC II-EGFP transgene in 129/Sv; H-2b murine embryonic stem cells238. After the demonstration 
of the lack of functional difference compared to wt mice, the model was first used as a unique 
visualization tool for the DC:T cell immunological synapse and DC late endosomal compartment 
directional tubulation238. Since then, the model was crossbred with C57BL/6 mouse, generating MHC 
II-EGFP C57BL/6 mice. This model, while being functionally indistinguishable from wt mice, enables 
direct visualization of MHC II-expressing cells and MHC II-rich organs. In comparison to using 
fluorescent antibodies, the visualization can be done in vivo or right upon dissection, without the need 
of any additional time-consuming steps that may lead to many artifacts while handling or staining tissues 
and cells. Compared to traditional antibodies it is also possible to visualize intracellular expression of 
MHC II without the need of any permeabilization, and, by combining both endogenous and antibody 
MHC II detection, it is also possible to obtain relative ratios of intracellular vs. surface MHC II 
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expression. Therefore, this model is suitable for both flow cytometry analysis as well as advanced 
microscopy options. 3D visualization techniques, such as light sheet microscopy, are especially 
advantageous in this model, as all MHC II positive cells are emitting green fluorescence, whereas 
traditional staining techniques are severely limited in the size of the sample by the maximum effective 
dye diffusion into the tissue. This way, even whole organs (organisms) could sometimes be visualized 
without the need of additional dissection, so that the 3D picture can give us better representation of the 
actual tissue structure inside the body. On top of that, this model enables much more detailed tissue 
dissection of MHC II positive tissues in the body, as well as the observation of otherwise invisible tissue 
architecture, such as structural patterns composed of small accumulations of MHC II positive cells in 
the tissue, with possible functional relevance. To sum up, this model is an excellent immunological tool 
suitable for numbers of various microscopic and cytometry techniques, with the possibility to obtain 
multi-dimensional, quantitative data closely reflecting the conditions in living organisms. It enables the 
search for novel phenomena in the field of professional and non-professional APCs and for other, yet 
unknown functions of MHC II molecule. 
2.6. Methods of quantitative histology – light sheet fluorescence microscopy 
The goal of quantitative histology is to count cells or other structures within a sample, usually within a 
microscopic slide or a set of slides, and then extrapolate the number to a larger structure, such as the 
organ or a whole organism. Choosing a representative sample is critical and corrections are needed to 
account for any unintentional artifacts or biases. This is the reason why, when regarding for example 
the cellular content of a whole organ (such as the intestine) or an organism, often a difference of several 
orders of magnitude is observed between various estimates. To overcome this highly biased two-
dimensional view, 3D visualization techniques, including light sheet fluorescent microscopy (LSFM), 
were developed. Since LSFM was the method used in this work, the following chapter will be solely 
focused on this technique, highlighting the strengths and weaknesses of LSFM compared to other 
methods, such as confocal microscopy. 
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LSFM is a unique approach to studying 3D samples. Unlike most microscopical methods 
including confocal microscopy, the cylindrical lens focuses the light into a thin sheet (hence the name 
light sheet microscopy), rather than illuminating the whole sample, which creates virtual “slide” within 
the sample and minimizes photobleaching and phototoxicity in the rest of the sample. The signal from 
the single plane is then collected by an orthogonally positioned camera (see Figure 2)239. However, the 
maximum sample size was limited by light scattering and absorption within the sample, which could 
not be quite resolved by rotating the sample. Therefore, the basic premise was later upgraded with a 
second source of light located on the opposite side of the sample. The two sources would create a single, 
more focused plane by computationally combining both signals240.  
The resolution of light sheet microscopy of larger samples is generally lower than that of 
confocal microscopy, especially in the z dimension, unless special acquisition techniques and 
deconvolution are used241–244. This is due to the light scattering as it travels through the sample. These 
special approaches, such as isotropic multiview light sheet microscopy, are therefore able to increase 
the penetration depth and visualize bigger samples more thoroughly245. With proper optimalization, 
sample size of more than 1 cm can be achieved. However, except for the newly available commercial 
light sheet systems, the tailor-made systems are poorly standardized accross laboratories. 
The acquisition speed of the wide-field camera is also one of the great advantages of LSFM. 
Combined with minimum photobleaching, it offers real-time imaging over the course of minutes, hours, 
or days, which is the reason why long-term dynamic processes are often studied by LSFM. 
Unsurprisingly, one of the biggest branches of current applications of LSFM is developmental biology, 
producing 4D (temporal) time-lapses, from a single cell to the whole embryo, or imaging a detailed 
development of a particular organ246–248. Other emerging uses for LSFM are immunology, enabling 
scanning of whole organs for immune cells during inflammation or in the search for disperse and 
Figure 2: The basic scheme of the light sheet microscope. The excitation light (blue) is focused onto a sigle plane within 




unevenly distributed mucosa-associated lymphoid tissue; or clinical medicine, by quick and easy 3D 
tumor assesment instead of traditional histological slides249–252. 
In general, LSFM enables in vivo imaging of organisms, providing unique information about 
complex functional histological contexts. However, this applies to a limited number of species, such as 
zebrafish, as few organisms are transparent, which is essential for light to travel through the sample. To 
enable visualization of other species, special clearing protocols (generally speaking removing lipids 
from the sample), such as CUBIC (Clear, Unobstructed Brain Imaging Cocktails and Computational 
analysis) needed to be developed253. However, these often include harsh chemicals and are therefore not 
suitable for living organisms. Still, LSFM offers imaging of these samples with in situ morphology with 
minimum amount of artifacts compared to other microscopy techniques. 
The limitation of light sheet microscopy is the optical nature of samples (or their parts) with 
different refractive index than the scanning solution used, as light sheet gets scattered at their interface. 
These could include air, crystals, or fat. Only very limited improvement can be achieved with clearing 
in the latter case, as in most protocols the fat is incompletely penetrable for most chemicals and sample 
preparation time needs to be adjusted, which brings the risk of lowering the signal/increasing the noise 
in the case of fluorescent samples. Another limitation is the generation of terrabytes of data in the matter 
of seconds, which brings out problems with their storage as well as handling and further analysis254. 
This is a huge problem of modern-day imaging technologies that will need to be tackled effectively in 
the future. 
2.7. Multiparametric flow cytometry and data analysis 
Classical flow cytometry is semi-routinely capable of measuring up to 20 parameters at once (with rising 
number). Recent advancements, such as spectral flow cytometry, which minimizes the problems with 
spectral overlap and compensation, expands the multiparametricity even further255,256. On top of that, 
rapidly evolving mass cytometry is theoretically almost unlimited in the number of parameters257. 
However, it is not trivial to envision this 20- or more-dimensional space on a 2D screen at once (or in a 
human brain accustomed to thinking in a 3D space) for further analysis. Therefore, multiple challenges 
are arising in an effort to analyze such data. For example it is problematical to manually develop a gating 
strategy for all possible combinations of markers and a failure to detect some populations is probable, 
as well as introducing bias into gated populations depending on a gating strategy and its hierarchical 
configuration. The exact gates are also highly unstandardized and nearly irreproducible, and manual 
control of larger datasets is extremely timely255. 
Therefore, several dimensionality reduction algorithms, such as t-SNE (t-distributed stochastic 
neighbor embedding) or UMAP (Uniform Manifold Approximation and Projection for Dimension 
Reduction), were developed258,259. Both of these methods are able to comprise the information from a 
number of dimensions into a 2D (or 3D) space, creating clusters of similar objects. While small distances 
(especially within a cluster or for nearby clusters) in multi-dimensional space get clustered together by 
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t-SNE, closeness in 2D does not mean closeness in multi-dimensional space, and large distances (such 
as between various clusters) have no informative value255. Contrarily, UMAP is a faster algorithm where 
the distances between clusters better represent the degree of alikeness between different populations and 
the visual output varies less across the samples (although the latter is still a highly discussed topic)260–
263. The data from both algorhitms can be easily visualized, and clusters can then be gated and identified 
according to their expression pattern. The dimensionality reduction and clustering itself is unsupervised, 
however for further work, manual or automated gating of clusters is needed, bringing the risk of 
subjective bias. 
Another approach for data analysis is the unsupervised clustering, such as generating SOMs 
(self-organizing maps), including algorithms such as FlowSOM (included in the FlowJo software 
package) or EmbedSOM (with a new graphical interface – ShinySOM), and many others264–266. These 
algorithms are usually very fast and can directly transform data from a multi-dimensional space into 
clusters and then group them into (manually defined) number of populations (metaclusters). The 
clustering is fully unsupervised, and the analyzing subject only identifies respective (meta)clusters by 
their expression patterns, usually visualized in a grid or a heatmap. With new algorithms for population 
identification emerging, even this next step may soon be routinely automated255. 
It is possible and may be even beneficial to combine the aforementioned two main approaches 
(dimensionality reduction or unsupervised clustering) as means of better visualization of automatically 
clustered data267. Dimensionality reduction algorithms may provide information about the similarity 
between neighboring clusters and therefore help with the categorization of less pronounced cluster 
phenotypes, while unsupervised clustering uses a fast and standardized algorithm to cluster different 
populations, and is less likely to be influenced by biases, such as spreading errors or backround noise as 
t-SNE, which may generate artificial accessory clusters268. With t-SNE, the “clustering” on a 2D plane 
generates a different output with every run (as the algorithm is stochastic), so different samples cannot 
be directly compared255. t-SNE also proves ineffective as a differentiating tool for multiple 
subpopulations, differing by levels of expression of few parameters269. On the other hand, tSNE is better 
at accounting for differential expression of cellular markers, as within a (meta)cluster using SOMs, a 
mean fluorescence intensity value is represented and the information about expression variance is lost255. 
It is also often used as a “trial-and-error” pathway, identifying the desired number of metaclusters, as 
lower numbers, although better reflecting the expected number of “rational” populations and easier to 
analyze, may not lead to separation of some desired populations267. 
It is important to highlight the fact, that each unsupervised analysis should be preceded by 
manual or automated quality control check, to ensure uniformness and meaningfulness of inserted data. 
Pre-gating of living singlet cells is also advised to remove possible problems with clustering and cluster 
identification. Last but not least, downsampling for some more time-consuming algorithms (t-SNE) 




 Establishment of the combinatonal methodological toolbox (fluorescent macroscopy, LSM 
(light sheet microscopy), and flow cytometry) to study microbiota transfer (entero-mammary 
pathway) in detail using MHC II-EGFP knock-in mouse model and unsupervised data analysis. 
 Quantitative and qualitative characterization of the gut lymphoid tissue putatively involved in 
entero-mammary microbiota transfer. 
 Description of the effect of microbiota on Peyer’s patches and mesenteric lymph node cellular 





4. Materials and methods 
4.1. Materials 
4.1.1. Chemicals and solutions 
BSA (Sigma-Aldrich) – 1% PBS 
Collagenase IV (Roche) - 1 mg/ml in HBSS (-/-) 
Dispase (Gibco) – 1 mg/ml in HBSS (-/-) 
dH2O 
DRAQ5 (Invitrogen) 
EDTA (Sigma-Aldrich) – 2mM 
FBS (Life Technologies) – 3-5% solution in RPMI medium 
Formaldehyde (Sigma-Aldrich) – 3,8% in H2O 
Gelatin (Sigma-Aldrich) 
N-TEA (Sigma-Aldrich) 
PBS (pH 7,3; 0,79% NaCl (Lachner), 0,29% Na2HPO4.12H2O (Lachner), 0,011%KCl (Penta), 
0,031%KH2PO4 (Lachema) 
PBS with gelatin – 0,02% gelatin (Sigma-Aldrich) + 0,01% sodium azide (Sigma-Aldrich) 
RPMI (Gibco) 
Sodium azide (Sigma-Aldrich) – 0,01% in PBS 
Sucrose (Penta) – 30% in PBS 
Sytox blue (Invitrogen) – 20 000x 
TEA (Sigma-Aldrich) 
Triton X-100 (Sigma-Aldrich) – 0,5% in PBS 
True-Stain Monocyte BlockerTM (BioLegend) – 20x 
Urea (Lachema) 
VersaComp Antibody Capture Bead Kit (Beckman Coulter) 
4.1.2. Tissue clearing solutions 
Adapted CUBIC protocol270: 
Tissue clearing solution CUBIC 1: 175 ml dH2O, 125 g Urea (25 wt%), 124 ml N-TEA (25 wt%), 70 
ml Triton X-100 (15 wt%) 
Wash: 500 ml PBS, 2,5 g 0,5% BSA, 500 μl 0,01% Sodium azide (0,01%), 500 μl Triton X-100 (0,1%) 
Tissue clearing solution CUBIC 2: 130 ml dH2O, 125 g Urea (22,5 %), 44,5 ml TEA (9 %), 250 sucrose 





Two flow cytometry antibody panels were used – myeloid and lymphoid. Myeloid panel construction 
was inspired by the panel used in The Czech Centre for Phenogenomics, Biocev, Vestec. Both panels 
were later adjusted because some of the antibodies did not stain properly in the experiment conditions. 
Both original and final versions are included. Please note that in addition to fluorescent antibody 
conjugates, there is also MHC II-EGFP fluorescence included (when using MHC II-EGFP mouse 
model), fluorescent in FITC, and dead cell staining by Sytox Blue. 
 
Marker Fluorophore Dilution Origin Producer 
Ly6G BV421 300x rat BD Biosciences 
Bst2 BV605 400x rat BioLegend 
F4/80 PE-Dazzle 594 300x rat BioLegend 
CD19 APC 40x rat BioLegend 
CD11b PerCP-Cy5.5 200x rat BioLegend 
Ly6C BV711 200x rat Biolegend 
CD45 A-700 100x rat Invitrogen 
CD11c PC7 150x hamster BD Biosciences 
MHC II APC-Cy7 1000x rat BioLegend 
Table 1: Original Myeloid panel 
Marker Fluorophore Dilution Origin Producer 
Ly6G BV421 300x rat BD Biosciences 
Bst2 PE 300x rat Invitrogen 
CD19 APC 40x rat BioLegend 
CD11b PerCP-Cy5.5 200x rat BioLegend 
Ly6C BV711 200x rat BioLegend 
CD45 A-700 100x rat Invitrogen 
CD11c PC7 150x hamster BD Biosciences 
MHC II APC-Cy7 1000x rat BioLegend 
Table 2: Final myeloid Panel 
Marker Fluorophore Dilution Origin Producer 
TER-119 PacBl 1000x rat BioLegend 
CD4 PE 1000x rat exbio 
γδ TCR BV605 100x Armenian hamster BioLegend 
CD8 PE-Dazzle 594 1000x rat BioLegend 
27 
 
CD19 APC 40x rat BioLegend 
CD25 PE/Cy7 40x rat BioLegend 
NK1.1 BV785 100x mouse BioLegend 
CD3 APC-Cy7 100x Armenian hamster BioLegend 
Table 3: Original lymphoid panel 
Marker Fluorophore Dilution Origin Producer 
TER-119 PacBl 200x rat BioLegend 
CD4 PE 1000x rat exbio 
γδ TCR APC 150x Armenian hamster BioLegend 
CD8 PE-Dazzle 594 1000x rat BioLegend 
CD3 PerCP-Cy5.5 20x Armenian hamster BioLegend 
CD25 PE/Cy7 40x rat BioLegend 
NK1.1 BV785 100x mouse BioLegend 
CD19 APC-Cy7 150x rat BioLegend 
Table 4: Final lymphoid panel 
Marker Name Dilution Origin Producer 
CD16/32 TruStain FcXTM PLUS 1000x rat BioLegend 
Table 5:Other antibodies used in flow cytometry 
True-Stain Monocyte BlockerTM was added to each staining mix (20x dilution). 
4.1.4. Expendable supplies 
96-well plate (Costar) 
Cell strainer 50μm (Corning) 
Centrifuge tubes – 15ml, 50ml (Eppendorf) 
Eppendorf tubes – 0,5ml, 1,5ml, 2ml (Eppendorf) 
Petri dishes (Nunc) 
4.1.5. Instruments 
Centrifuge mini spin plus (Eppendorf) 
Centrifuge Universal 16 R (Hettich) 
Flow cytometer BD LSR II (BD Biosciences) 
Laboratory scales (Schoeller instruments) 
Light sheet fluorescent microscope (Zeiss Lightsheet Z.1) 
Stereomicroscope (Carl Zeiss SteREO Lumar.V12) 




Two mouse models were used: wtC57BL/6 and C57BL/6 MHC II-EFGP knock-in mouse model238. The 
latter was bred in two distinct environments: SPF and germ-free. SPF mice were bred in Center for 
Experimental Biomodels, 1st Faculty of Medicine, Charles University. Germ-free mice were prepared 
and bred in Laboratory of Gnothobiology, Institute of Microbiology of the CAS, v. v. i., Nový Hrádek. 
All mice were kept under standard conditions (12hr day/night regimen, 22°C, 55% relative humidity, 
ST1 diet (Velaz) ad libitum). All procedures were approved by the Czech Animal Care and Use 
Committee and The Institutional Committee for Ethics of Animal Experiments. Any animal handling 
was done under the supervision of Valéria Grobárová or Jan Pačes. 
4.1.7. Software for data acquisition and analysis 
FlowJo™ v10.7.1, BD Biosciences 
ImageJ 





4.2.1. Organ sample preparation for flow cytometry 
The mouse was executed by cervical dislocation. Under the stereomicroscope, MLN complex of MHC 
II-EGFP mouse was carefully excised and transferred into the small Petri dish with PBS. MLNs were 
separated and put into 1,5ml Eppendorf tubes with 450 µl of 3% FBS in RPMI (*). In BL mice or control 
pooled sample of MHC-II EGFP, the whole complex was put into 1,5ml Eppendorf tubes with 900 µl 
of 3% FBS in RPMI. Spleen was localized and put into 1,5ml Eppendorf tubes with 900 µl of 3% FBS 
in RPMI. Next, the whole intestine was transferred to a large Petri dish and PPs were sequentially 
harvested into 1,5ml Eppendorf tubes with 270 µl of 3% FBS in RPMI. The collagenase was added to 
a concentration of 0,1 mg/ml to each tube and samples were incubated for 40 minutes in 37 °C (*) in 
Thermoblock. Next, the samples were always handled on ice. EDTA was added to each sample (250x) 
and the samples were pipetted through a cell strainer to a clean tube Spleen was resuspended to 20 ml 
in a 50 ml centrifugation tube and 100µl were stained per sample. After centrifugation (5 min, 300G), 
and discarding the supernatant, the samples were resuspended in 100 µl of TruStain FcXTM PLUS (250x) 
and transferred to a 96-well split into two for each sample (2 panels). After the centrifugation (5 min, 
300G), the samples were stained by the myeloid and lymphoid panel mixtures for 30 minutes (20 µl per 
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cell for PPs and 50 µl for MLNs and spleen) and then washed with PBS with gelatin twice. 200 µl of 
PBS with gelatin were then pipetted to each sample, along with Sytox Blue (20 000x). 
• When using dispase, PBS was used instead of RPMI with FBSand the digestion took 10 minutes. 
FBS was added along with EDTA to a finl concentration 3%) 
4.2.2. Light sheet microscopy 
During the whole process, the samples were kept in dark. Harvested samples (as in previous section) 
were transferred to a 1,5ml Eppendorf tube with formaldehyde for one hour. Next, the samples were 
transferred to a CUBIC 1 solution for 1-2 days at 37 °C, depending on the size of the tissue, until they 
were cleared. Samples were then transferred to a WASH solution and were kept in a fridge for 1 hour. 
Next, 1ml of 10000x (MLNs) or 20000x (PPs) diluted DRAQ5 solution in PBS was added to clean 
1,5ml Eppendorf tube and samples were incubated in the cold chamber for 4-5 days. The data were then 
transferred to CUBIC2 solution and were kept in 37 °C until the image acquisition using Light sheet 
fluorescent microscope (Zeiss Lightsheet Z.1) and ZEN software. Throuhout the whole process of 
sample preparation, I was assisted by Karolína Knížková. 
4.2.3. Data visualization 
Stereomicroscopical images were visualized using Fiji software. 
Lightsheet data were visualized by ZEN and Arrivis softwares. 
4.2.4. Flow cytometry 
Flow cytometry data were aquired from HTS, using 160 µl out of 200 µl of the sample, speed 1,5. The 
acquisition was done using application settings for each panel. 
4.2.5. Data analysis 
Data were analysed using FlowJo™ v10.7.1. with the use of FlowSOM plugin (based on R). Statistical 





To establish MHC II-EGFP mouse model as a tool for studying the entero-mammary pathway 
hypothesis, a detailed anatomy and histology of the relevant organs – especially MLNs and PPs (with 
the help of microscopical techniques) as well relative and absolute cell numbers of immune cells in 
studied organs under physiological conditions had to be described. Optimalization of sample preparation 
for light sheet microscopy and multicolor flow cytometry had to be carried out and fine-tuned to allow 
for capturing even minute differences in the composition of lymphoid organs caused by bacteria. GF 
mouse served as a way to capture possible differences compared to SPF (conventional microbiota state) 
conditions. MHC II-EGFP mouse model was used as a tool for detailed secondary lymphoid organ 
dissection and further analysis by both microscopical and flow cytometric approaches. By a combination 
of both methods the structural as well as the quantitative (numerical) perspective on the composition of 
MLNs and PPs could be applied. 
5.1. Visualization of secondary lymphoid organs by stereomicroscopy 
5.1.1. Mesenteric lymph nodes 
The first step in both microscopic and cytometric experiments was sample acquisition. Mesenteric 
lymph nodes were retrieved from the peritoneal fatty tissue and split into single lymph nodes. The 
number, size and 3D pattern varied significantly in both SPF and GF mice (n=4-11, including the colonic 
lymph node, see Figure 4 and Figure 3). MLNs were then assigned a number according to the oral 
gradient (the last lymph node being the colonic lymph node) and lightsheet or flow cytometric samples 
were prepared. No remarkable differences between SPF and GF mice MLN morphology were observed 
(compare Figure 4 and Figure 3). 
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5.1.2. Peyer patches 
After the extirpation of MLNs, the whole intestines were extracted and examined for PPs in a sequential 
order, from duodenum to the colon. This was performed not to lose the vital information about the 
intestinal gradient in PPs, which could enable a direct comparison to the MLN gradient. Again, the 
Figure 4: Stereomicroscopic images of MLNs in 3 SPF MHC II-EGFP mouse. The last lymph node (colonic, lower right, 
asterisks) is significantnly separated from the pack of other MLNs that usually only separate with dissection. A varying 
number, configuration and size of MLNs can be seen. Arrows on A2 indicate Peyer patches on the nearby small intestine. 
Scale bars: 1000 μm. 
Figure 3: Stereomicroscopic images of MLNs in GF mice. Varying number of nodes as well as a "degree of cohesiveness" can 












numbers of PPs in the small intestine varied across both SPF and GF animals (n=5-10), as well as the 
size of PPs, that could be consisting of 1-7 “follicles” (see Figure 5A, B and C). The major difference 
was observed in the morphology of coecal patch. In SPF mouse the morphology of coecal patch is 
usually a single bulky unit – splitting into of 2 patches in a small distance from each other was also 
observed (compare Figure 5A and B) and resembles the PPs in the small intestine. On the contrary, in 
GF mice the coecal patch usually did not hold a compact structure and was rather dispersed to several 
small units throughout the enlarged coecum (see Figure 5D). The colon contained 1-3 small patches 
usually within a small area, which were analysed as a whole due to their small cellular numbers and 
lower survival rate (see the Flow cytometry – Optimalisation of dissociation protocol section). 
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5.2. Visualisation of MLNs and PPs using light sheet microscopy 
In MHC II-EGFP mouse model overall structural composition in 3D of MLNs and PPs using MHC II-
EGFP mouse model, the samples for lightsheet microscopy were cleared via the adapted CUBIC 
protocol (see Methods section) and the nuclei were stained with DRAQ5, for easier subsequent analysis 
and potential cell number determination. The concentration of DRAQ5 had to be optimalised for each 
analysed organ separately. The tested dilutions were 5000x (MLNs), 7500x, 10000x and 20000x (PPs), 
A B
C D 
Figure 5: Stereomicroscopic images of small intestinal PPs, coecal and colonic patches. (A) PPs and coecal patch with typical 
pattern from SPF mouse. Image captured by Jan Černý. (B) Coecal patch variant in SPF mouse – coecal patch made up of 2 
separate units. (C) Small intestine of GF mouse with a single PP compposed of 4 individual “follicles”. Small "dots" along the 
gut stand for putative “micropatches“, a structure visible using the MHC II-EGFP mouse model (partially attributable to 
cryptopatches or dispersed lyphoid tissue). (D) Dispersed coecal patch in GF mouse. (E)  Image of the whole intestine in SPF 
mouse, from duodenum (left) to the colon (right). The intestines contain seven small intestinal PPs, coecal patch (arrow) and 




with the final dilution of 10000x for MLNs and 20000x for PPs. The pilot experiment was composed of 
two sets of MLNs from GF mice (Figure 7, only one set is shown here), one set of MLNs from SPF 
mice (Figure 6), and one set of PPs from the small intestine (Figure 8). MLNs needed to be carefully 
liberated from the fatty capsule, because DRAQ5 could bind to the fatty droplets effectively, resulting 
in an extremely high backround in the sample. Particullar PPs and the whole MLN complex from the 
wtC57BL/6 mouse were used as a control for autofluorescence (Figure 9). 3D acquisitions were 
performed using the light sheet microscope Zeiss Lightsheet Z.1 (20x objective lens and 488 nm – GFP, 
561 nm – autofluorescence, and 638 nm – DRAQ5 lasers). The sample preparation and measurement 
were performed with the assistance of Karolína Knížková. The figures used for representative 
demonstration depict a single plane from the acquisition. Despite the same dilution of DRAQ5 used, 
PP2 sample exhibited (from unknown reason) a much higher intensity of DRAQ5 fluorescence, causing 
the signal from the nuclei fuse together. Therefore, this picture needed to be adjusted manually for 
presentation purposes. All other images are set to the same threshold ratios. 
The imaging datasets were acquired with the future perspective of counting all the cells 
(including MHC II-positive cells) in the whole MLN/PP (or at least the scannable part of the sample 
with the posibility to extrapolate to the whole volume). This has not yet been entirely successful due to 
the small-sized, densely packed lymphocytes with hardly visible cellular borders (compare MLNs and 
PPs (in the former less than 50% of cells are MHC II-positive according the flow cytometrical 
evaluation, while in the latter it is the case for over 90% of cells) despite deconvolution and several 
algorithms used. However, the images of all lymphoid organs imaged seem comparable andobviously 
contain a high protoption of MHC II-positive cells), which make up the vast majority of cells in both 
MLNs and PPs as quantified by Flow cytometry (see next chapter). To tackle this problem, new or 
modified algorithms will likely need to be exerted in the future (including the artificial intelligence-
based neural networks, which are already used in the laboratory to quantify the levels of microchimersim 










Figure 6: Representative LSM images of (A) 
MLN sequence from SPF MHC II-EGFP 
mouse. (B) Detail depicting the structure of 
the 2nd MLN. Green: MHC II-EGFP. 










Figure 7: Representative LSM images of the MLN sequence in GF mouse. Green: MHC II-EGFP. 








Figure 8: Representative LSM images  of (A) the sequence of small intestinal PPs 
in SPF mouse. The second PP had to be optimised for visualization beacuse of 
extremely intensive DRAQ5 signal. Green: MHC II-EGFP. Magenta: DRAQ5. 
Scale bars: 100 μm. 







5.3. Flow cytometry 
Multicolor flow cytometry requires careful optimalization of each step in order to provide desired 
results. Here, the parallel usage of two cytometry panels, myeloid and lymphoid (see Materials and 
methods) was performed on the set of separate or pooled MLNs, PPs and spleen, to determine absolute 
and relative numbers of cells in each category. Shown is the optimalization process as well as surprising 
findings and limitations of methods and panels used in this setup. 
5.3.1. Optimalisation of the dissociation protocol 
Firstly, both MLNs and spleen (used as a “control” secondary lymphoid organ depicting the systemic 
immunity) were processed through a cell strainer and PPs were digested by dispase and then filtered 
through a cell strainer to obtain single cell suspension. However, the yield of myeloid cells was 
extremely low using just a cell strainer without the enzyme and the number and percentage of living 
cells in PPs varied multifoldly within a single mouse. Therefore, after a consultation with Jan Dobeš, 
(Laboratory of Microbial Immunology, Department of Cell Biology, Faculty of Science, Charles 
University), the collagenase dissociation was introduced. To determine the effectivity and robustness of 
Ba Bb
Aa Ab
Figure 9: Representative LSM images of (Aa and Ab) MLN structure and (Ba and Bb) PPs in a 
C57BL/6 mouse capturing "follicle" surrounded by intestinal villi.. Green: autofluorescence. 
Magenta: DRAQ5. Scale bars: 100 μm. 
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collagenase vs. dispase, both treatments were performed 3 times on a whole set of separated PPs from 
a mouse. The results are presented in Figure 10. Digestion by collagenase provided a higher yield of 
live cells and preserved the percentages of MHC II-positive cells (that could be skewed by different 
dying rates of various cell types) better than dispase. Therefore, collagenase was used as an enzyme of 







































































Figure 10: Comparison of dispase and collagenase enzyme treatment on the yields of living cells, 
MHC II-EGFP-positive cells and percentages of MHC II-EGFP-positive cells in Peyer patches from 
the small intestine (PP_SI), coecal patch (PP_Coecum) and colonic patch (PP_Colon). 
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5.3.2. Flow cytometry panels troubleshooting 
Before the cellular composition of selected secondary lymphoid organs could be determined, a 
compensation matrix had to be calculated for both lymphoid and myeloid panel. The composition of the 
panels was inspired by the panels used in The Czech Centre for Phenogenomics, Biocev, Vestec. 
Especially the myeloid panel compensation proved challenging, as very low positivity percentages of 
several markers were observed at the beginning in each of the studied organs. Therefore, single stain 
controls for some markers, such as CD11b and F4/80, were performed on tissues with higher abundancy 
of positive cells, in this case peritoneal cells (abundant in peritoneal macrophages), and for others, such 
as Bst2, VersaComp Antibody Capture Beads were used. After the compensation was made by my 
colleagues, it was applied to the mix-stained MLNs and spleen. However, as is demonstrated on Figure 
11, while peritoneal macrophages stain highly positively for both F4/80 and CD11b, no significant 
double positivity could be observed in the studied organs. Therefore, after several unsuccessful 
compensation attempts, F4/80 antibody was removed out from the panel. 
In the case of Bst2, while the positivity could be determined by the staining beads, it could not 
be observed after compensation on the studied cells (see Figure 12). Therefore, after F4/80 was skipped 
from the myeloid panel, a new Bst2 antibody with different fluorophore conjugate was introduced 
instead of the original. After that, compensation matrix was successfully optimized by my colleague Jan 
Pačes and FMO (fluorescence minus one) controls on MLNs were performed by me for some markers 
to clearly differentiate between positive and negative populations for gating purposes (FMO controls 
attached in supplements). 
Figure 11: F4/80 and CD11b staining of peritoneal cells (left) vs. MLN (right) of SPF MHC II-EGFP mouse. No reliable signal 

























For lymphoid panel, most of the markers have clear, almost binary expression in the studied 
organs. Therefore, less optimalisation was needed for the most part. However, in the original panel, 
CD19 (APC) and CD3 (APC-Cy7) antibody fluorescence was acquired by R1 and R3 detectors, 
respectively, with relatively big spillover between these two channels. This proved to be problematic in 
the course of time, as some days, the relationship between these two markers appeared to be not 
compensated enough and “diagonal“ instead of orthogonal relationship was observed. In addition, 
γδTCR signal was poorly distinguishable. To overcome these problems, CD19, CD3 and γδTCR 
antibodies were switched as described in Materials and methods and new compensation matrix was 
created by my colleague Valéria Grobárová (FMO controls of γδTCR and CD25 antibodies can be found 
in supplements section, along with gating strategies for both panels and each organ studied). 
However, as can be seen, the usage of the combination of R1 and R3 lasers was not restricted 
to the lymphoid panel. The very same problem with the diagonal formation (clearly demonstrated in 
Figure 13) could be observed in lymphoid panel between MHC II and CD19 markers. This is the reason 
a separate analysis needed to be performed for 3 groups of myeloid results – without any diagonal, with 
a slight diagonal and with a (sub)-complete diagonal. 
Bst2   Bst2 
Figure 12:Staining of MLNs by original Bst2 – BV605 fluorochrome (left) vs. new Bst2 – PE fluorochrome (right) used in the 
final version of myeloid panel. 
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 Figure 13: Demostration of orthogonal MHC-II:CD19 setup (top), slightly diagonalized setup (middle) and fully diagonal 
(bottom) of MLNs (left) and spleen (right). The data were acuired on consecutive days by the same method method using saved 










5.3.3. Data analysis with the help of unsupervised algorithms 
Reflecting the great variety of possible combinations of markers on different cell types, as described in 
the theoretical section of this work, and relatively large panels used, the decision of not relying on 
manual gating was made in order to capture rare populations. Before any algorithm was run, the data 
were pre-gated to get CD45-positive cells (myeloid panel) or erythrocyte-free fraction (lymphoid panel) 
by conventional gating (see supplements) and manual quality control was performed. After that, the data 
or their downsampled fractions (to get under the 2 million event limit in a concatenated sample) were 
concatenated and FlowSOM analysis was performed with 25 desired metaclusters and 10 by 10 grid 
size for both panels and all organs (and in the case of myeloid panel for each diagonal status). C57BL/6 
mouse organ analysis was performed separately. The resulting FlowSOM map was then applied to each 
sample within a group. The relatively high number of metaclusters was the result of optimalization to 
capture rare populations that were not otherwise separated (such as “Treg cells” – CD3+CD4+CD25+ 
cells). Despite that, some populations, such as neutrophils were not separated in all organs and diagonal 
status analyses (MLNs and PPs) due to their low number and could therefore not be quantified across 
all samples. To capture “Treg cells”, the number of metaclusters in PPs needed to be further optimized 
to 26 with a grid size of 13 by 13. Representative FlowSOM heatmaps for each organ can be observed 
in Figure 14. Only the “no diagonal” variant is shown for the myeloid panel. From the FlowSOM output, 
each population was verified by manual control (whether it formed single population in the expected 
region in FSC-A/SSC-A dotplot and whether it formed a single population with uniform expression of 
markers rather than a spectrum), annotated according to its phenotype and “meaningful” populations 
(with marker combinations characteristic of a known immune cell population) were chosen for further 
analysis. For simplification, some populations, such as B cells or “memory T cells” (further explored in 
the chapter Ly6C vs. CD3, were analysed as pooled samples of several FlowSOM-made populations 
(they were split into several populations by their differential marker positivity expression – MHC II for 
B cells (pooled low, medium and high MHC II-expressing populations of CD19 cells – e.g. populations 
4, 5 and 9 for MLNs in myeloid panel (see Figure 14A - left)) and Ly6C for memory T cells 
(low/medium and high expression – e.g. populations 21 and 23 in MLNs – low levels of positivity in 
Ly6G were not taken into consideration because of the known issue with Ly6G false positivity using 
current compensation). pDCs (population 15 in Figure 14A - left) were assigned to a population with 
high levels of Bst2 and Ly6C and low levels of MHC II and CD11c. cDC1 and cDC2 (populations 10, 
and 11 and 13 in Figure 14A – left, respectively) were characterized by high expression of CD11c and 
MHC II and differed in their expression of CD11b (low vs. high, respectively). Neutrophils (forming a 
separate population only in spleen – population 5 in Figure 14B – left) were characterized as CD11b 
high, Ly6G high and Ly6C high cells, with higher FSC and SSC). Because F4/80 needed to be omitted, 
macrophage populations could not be reliably identified 
Lymphoid cells were assigned as follows: B cells (CD19+MHC II-EGFP+ - population 3 in 
Figure 14A – right), Th cells (CD3+CD4+ - population 15), Tc cells (CD3+CD8+, population 0), “Treg 
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cells” (CD3+CD4+CD25+, population 21) γδT cells (CD3+γδTCR+ - population 7), NK cells (NK1.1+ 
cells, population 13), NKT cells (CD3+NK1.1+ cells, population 12), “Breg cells” (CD19+MHC II-
EGFP+CD25+, population 24) and “X” lymphocyte (CD19+CD3+, sometimes with CD4 or CD8 










































































































































































































































































































































































































































































































































































Figure 14: Heatmaps of FlowSOM populations from (A) MLNs, (B) spleen and PPs (C). Left - myeloid panel, right - lymphoid 
panel. 
A - MLNs 
B - spleen 
C - PPs 
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To better visualize and verify the FlowSOM output, tSNE analysis for some samples was 
performed (bigger samples were first downsampled to 100 000 events). In the following figures the 
representative tSNE outputs for all organs and panels (“no diagonal” variant for myeloid panel was 
used) are visualized with denoted marker expression as well as visual correlation with FlowSOM 
analysis. 
Figure 15: The first 3 out of 7 MLNs visualized by tSNE algorithm – myeloid panel. 
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Figure 16: MLNs 4-6 visualized by tSNE – myeloid panel. 
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In the case of data containing (sub)complete diagonal of MHC II and CD19 markers, a manual 
check for each FlowSOM population and sample was performed. Some populations were therefore split 
Figure 19: MLN 7 visualized by tSNE – myeloid panel. 
Figure 18: tSNE visualization of spleen - myeloid panel. 
Figure 17: tSNE visualization of concatenated PPs from a single mouse - myeloid panel. 
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into B-cell and non-B-cell fraction for further analysis not to introduce bias into the data. Only uniform 
populations with combination of markers characteristic of a distinct well-known population were further 
analysed.  
 
Figure 20: The first 3 out of 7 MLNs visualized by tSNE algorithm – lymphoid panel. 
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Figure 21: MLNs 4-6 visualized by tSNE –lymphoid panel. 
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Figure 24: MLN 7 visualized by tSNE – lymphoid panel. 
Figure 22: tSNE visualization of spleen - lymphoid panel. 
Figure 23: tSNE visualization of concatenated PPs from a single mouse - lymphoid panel. 
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5.3.4. C57BL/6 mouse vs. MHC II-EGFP knock-in mouse 
Before the comparison between SPF and GF MHC II-EGFP knock-in mouse could be made, C57BL/6 
(BL) mouse and MHC II-EGFP knock-in mouse (SPF) were compared to verify the previously reported 
lack of immunological phenotype. The percentages of populations determined by FlowSOM for spleen 
and pooled MLNs for each panel used are presented in figs. 
In spleen, no significant difference between cell percentages was observed between C57BL/6 
mice and MHC II-EGFP mice. However, for lymphoid panel, significant differences in “Breg cells” 
(***, extremely lower in the BL group) and “Treg cells” (**, enhanced in the BL group) were observed. 
cDC1 (CD3-CD8+) and cDC2 populations (CD3-CD4+) were also quantified in lymphoid panel (data 
not shown) with significant differences (** and ***, respectively). However, the observation was not 
supported by the data from myeloid panel, with more reliable cellular markers for cDCs, that served as 
a control (0,4% and 0,36% of CD45+ cells were cDC1 in BL and SPF mice, respectively, and 0,42% 
and 0,53% of cells were identified as cDC2s). 
In MLNs, higher relative numbers of “memory T cells” were seen in BL mouse (*). This was 
not correlated by a significant difference in total T cell numbers. Considering lymphoid panel, Th 

























































Figure 25: Representative bar graph charts of comparison between C57BL/6 (BL) and MHC II-EGFP (SPF) - myeloid panel - 
spleen. Results  represent mean ± SD of value. n(BL)=8 mice, n(SPF)=11 mice.  *, significant differences with P ≤ 0.05. **, 
significant differences with P ≤ 0.01. ***, and significant differences with P ≤ 0.001 
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The fact that some populations were significantly different between BL and SPF mouse is 
surprising, as C57BL/6 and MHC II-EGFP mouse model were previously demonstrated to be 
immunologically equivalent. A possible explanation for these findings is provided in the discussion 
section. 
 
Figure 26: Representative bar graph charts of comparison between C57BL/6 (BL) and MHC II-EGFP (SPF) - lymphoid panel - 
spleen. Results  represent mean ± SD of value. n(BL)= 8 mice, n(SPF)=11 mice.  *, significant differences with P ≤ 0.05. **, 
significant differences with P ≤ 0.01. ***, and significant differences with P ≤ 0.001 
Figure 27: Representative bar graph charts of comparison between C57BL/6 (BL) and MHC II-EGFP (SPF) - lymphoid panel 
- spleen. Results represent mean ± SD of value. n(BL)=8 mice, n(SPF)=11 mice.  *, significant differences with P ≤ 0.05. **, 




















































































































































































































5.3.5. SPF vs GF MHC II-EGFP knock-in mouse 
To determine what populations are relatively enriched or reduced in GF mouse compared to SPF model 
in myeloid panel, the absolute numbers and relative frequencies of cells across populations were 
determined for each organ type and panel by firstly concatenating the downsampled samples together 
(samples from a single organ type and panel) to get all the possible populations of cells. The FlowSOM 
algorithm was run as described in a previous section and the resulting populations were annotated. 
However, despite all the measures, not all populations of known immune cells were always separated. 
For spleen, the number of neutrophils could be determined, while for other organs, the neutrophil ratio 
could not always be determined because neutrophils were present in very low abundance and did not 
form a discrete population and were therefore omitted from the analysis. For PPs, the cDC populations 
were not split into cDC1 and cDC2, so only overall percentages could be presented. NKT cell population 
was also not separated by FlowSOM algorithm in PPs. All populations were determined as stated in the 
previous chapters. 
For MLNs, the first, second to last (“MLN_SI_last” in graphs) and the last (coecal) MLNs were 
compared statistically for simplification (and the fact that the MLN numbers varied across different 
samples). For PPs it was the first and last PP in the small intestine (PP1 and PP_SI_last), coecal and 
colonic patch (figs ). In addition, all MLNs and all PPs from the small intestine were plotted in a single 
graph to visualize differences between patches and a potential MLN/intestinal gradient of cells (figs ). 
Especially for smaller populations, random fluctuations were sometimes observed in a single sample. 
In spleen, no significant differences could be observed in myeloid panel for any of the 
populations (fig ). However, the data from the lymphoid panel suggest that B cells are presented in a 
significantly higher percentage in spleens of GF mice (**, 43,71% in SPF mice vs. 58,98% in GF mice), 
and, on the contrary, Tc and Th cell percentages are both slightly diminished in GF animals (*, 18,39% 
of Tc cells in SPF vs. 13,63% in GF animals; and 22,46% in SPF vs. 16,72% in GF mice for Th cells). 
As B, Th and Tc cells make up the majority of cells in spleen, the difference could be either caused by 
an increased abundance of B cells, decreased abundance of T cells, or a combination of both, depending 
on the absolute numbers. Perhaps the most interesting finding is the huge drop in the relative abundance 
of γδT cells in GF mice (***, 0,96% vs 0,50%). 
In MLNs, memory T cells were significantly diminished in GF mice (**), nevertheless, the 
individual differences among corresponding lymph nodes were not significant. The same holds true for 
cDC1 and cDC2 cells (*). However, the most significant difference from myeloid cells regards pDCs – 
while the overal numbers reflect a clear drop in relative abundancies between SPF and GF mice (***), 
Figure 28: Representative bar graph charts of comparison between C57BL/6 (BL) and MHC II-EGFP (SPF) - myeloid panel 
(top), lymphoid panel (bottom) - MLNs. Results represent mean ± SD of value. n(BL)myeloid=8 mice, n(BL)lymphoid=4 mice 
n(SPF)=11 mice.  *, significant differences with P ≤ 0.05. **, significant differences with P ≤ 0.01. ***, and significant 
differences with P ≤ 0.001 
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a side-by-side comparison of relative abundancies in colonic lymph node alone is also significant (***, 


















































































































mouse compared to the SPF mouse (***), and the first (*, 29,10% SPF vs. 43,87% GF) and last small 
intestinal lymph nodes (**, 30,87 SPF vs. 47,45% GF) both differ on an individual level as well. Tc and 
Th lymphocytes are relatively diminished in GF mouse in the whole MLN complex (***), and the last 
MLN draining small intestine is significantly affected as an individual (*, 29,04% SPF vs. 21,19% GF 
for Tc cells and 34,32% SPF vs. 26,32% GF for Th cells). Analogously to spleen, γδ T cells are also 
extremely reduced in MLNs (***) and both first and last small intestine-draining lymph nodes reflect 
this relationship (***, MLN1: 0,79% SPF vs. 0,46% GF, MLN_SI_last: 0,71% SPF vs. 0,44% GF). 
There is also a clear decreasing gradient between MLN1 and MLN_SI_last in SPF mouse (*), which 
becomes even clearer when MLN1 and coecal MLN are compared in SPF mouse (***). While neither 
NK nor NKT cells display a significant difference between SPF and GF animals in any category or as a 
whole, there is a general difference between individual MLNs (* and ** for NK and NKT cells, 
respectively) – the relationship is significantly different between MLN1 and MLNlast (colonic) (NK 
cells) or between the last small intestinal LN and coecal LN (NKT cells, the relationship is significant 
as a whole and in GF animals). In GF mice, a significant enrichment of coecal lymph node is also 
observed. 
Figure 29: Representative bar graph charts of comparison between SPF MHC II-EGFP and GF MHC II-EGFP mouse - myeloid 
panel (top), lymphoid panel (bottom) - spleen. Results represent mean ± SD of value. n(SPF)myeloid=5 mice, n(SPF)lymphoid=11 
mice n(GF)myeloid=5 mice n(GF)lymphoid=8 mice.  *, significant differences with P ≤ 0.05. **, significant differences with P ≤ 




In PPs, no significant difference in myeloid cells between SPF and GF mouse could be 
demonstrated. However, several immune cells reflect the gradient in the intestines. As a whole, the last 
small intestinal PP has a significantly lower relative abundance of “memory T cells” compared to coecal 
















































Figure 30: Representative bar graph charts of comparison between between SPF MHC II-EGFP and GF MHC II-EGFP mouse 
- myeloid panel - MLNs. Results  represent mean ± SD of value. n(SPF)=6 mice, n(GF)=8 mice.  *, significant differences with 
P ≤ 0.05. **, significant differences with P ≤ 0.01. ***, and significant differences with P ≤ 0.001 
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(*). GF mice also demonstrate these relationships significantly (* PP1 (2,61%) : colonic patch 
(5,00%), * PP_SI_last (1,89%) : coecal patch (4,5%), ** SI_last : colonic patch). B lymphocytes are 















































































Figure 32: Representative bar graph charts of comparison between between SPF MHC II-EGFP and GF MHC II-EGFP 
mouse – lymphoid panel - MLNs. Results  represent mean ± SD of value. n(SPF)=6 mice, n(GF)=8 mice.  *, significant 





abundance of B lymphocytes in PP_SI_last (86,37%) is significantly higher compared to both coecal 
(**, 65,64%) and colonic (*, 69,12%). “Bregs” weren’t demonstrated to have a differential distribution 
along the gut, however, they are significantly higher in abundance in SPF mice in general (*). CD8- γδT 
cells combine both the significant relationship between SFP and GF mouse in coecum (*, 0,37% SPF 
vs. 0,82% GF), but there is also a significant increase in abundance between PP_SI_last (0,26%) 
compared to coecal patch (*). CD8+ γδT lymphocytes, a subset detected exclusively in PPs, is 
significantly more abundant in the beginning of the small intestine compared to all other studied organs, 
both for GF (*** within all relationships, PP1: 0,77%, PP_SI_last 0,15%, coecal patch 0,06% and 
colonic patch 0,02%), and SPF mouse (PP1: 1,23%, PP_SI_last 0,07 *, coecal patch 0,03% **, colonic 
patch 0,01% **). When both types of γδT cells are summed, the relationship is significant between 
different organs (* PP1 : Coecum, ** PP1 : Colon, ** PP1 : PP_SI_last). However, concrete mouse 
housing setting (SPF/GF) is not responsible for this relationship. The abundance of Th also does not 
seem to be affected by the microbial status of the mouse significantly. Nonetheless, in GF mouse, 
PP_SI_last (5,70%) seems to have a significantly lower percentage of Th cells compared to colonic PP 






























Figure 33: Representative bar graph charts of comparison between between SPF MHC II-EGFP and GF MHC II-EGFP 
mouse – lymphoid panel - MLNs. Results  represent mean ± SD of value. n(SPF)=6 mice, n(GF)=8 mice.  *, significant 
differences with P ≤ 0.05. **, significant differences with P ≤ 0.01. ***, and significant differences with P ≤ 0.001 
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dramatically (***), the difference being mainly the aboral parts of the GALT system – coecal (**, 0,18% 
SPF vs. 0,85% GF) and colonic (**, 0,1% SPF vs. 0,72% GF) patches show greater relative abundance 
in GF mice. Both PP1 (0,23% in GF mice) and PP_SI_last (0,21%) differ significantly from both coecal 

































































Figure 34: Demonstration line charts of pDC relative abundancies in MLNs and small intestinal PPs of MHC II-
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Figure 35: Representative bar graph charts of comparison between between SPF 
MHC II-EGFP and GF MHC II-EGFP mouse - myeloid panel - PPs.. Results  
represent mean ± SD of value. n(SPF)=5 mice, n(GF)=8 mice.  *, significant 
differences with P ≤ 0.05. **, significant differences with P ≤ 0.01. ***, and 















































Figure 36: Representative bar graph charts of comparison between between SPF MHC II-EGFP and 
GF MHC II-EGFP mouse – lymphoid panel - PPs.. Results  represent mean ± SD of value. n(SPF)=5 
mice, n(GF)=8 mice.  *, significant differences with P ≤ 0.05. **, significant differences with P ≤ 0.01. 
















































Figure 37: Representative bar graph charts of comparison between between SPF MHC II-EGFP and 
GF MHC II-EGFP mouse – lymphoid panel - PPs.. Results  represent mean ± SD of value. n(SPF)=5 
mice, n(GF)=8 mice.  *, significant differences with P ≤ 0.05. **, significant differences with P ≤ 0.01. 
***, and significant differences with P ≤ 0.001 
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Figure 38: Representative bar graph charts of comparison between between SPF MHC II-EGFP and 
GF MHC II-EGFP mouse – lymphoid panel - PPs.. Results  represent mean ± SD of value. n(SPF)=5 
mice, n(GF)=8 mice.  *, significant differences with P ≤ 0.05. **, significant differences with P ≤ 0.01. 
***, and significant differences with P ≤ 0.001 
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Last but not least, absolute numbers of cells in different organs in SPF vs. GF mice were determined. 
These were calculated from the total number of CD45-positive (or TER-119-negative in lymphoid 
panel) cells. In the case of separated MLNs and PPs, where all the cells were used this number was 
determined as number of events * 200 / 160 * 2 (half of cells were stained by each panel and 160 out of 
200 μl were used for measurements in FACS). For spleen, the total number was determined as number 
of events * 200 / 160 * 200 (as 100 μl were used per sample from the 20 ml the whole spleen was diluted 
in after digestion). The data for lymph nodes and small intestinal PPs were pooled and averaged as each 
mouse could have a different number of MLNs and PPs, but the overal number of cells, especially for 
MLNs, does not have to change. No significant differences in the total number of cells was found for 
MLNs and spleen (data not shown), however, in the case of PPs, the average number of cells per small 
intestinal PP as well as for the coecal patch was significantly lower in GF animals (* and **, 
respectively, concordantly with the observations from stereomicroscope). Subsequently, absolute 
numbers of cells were tested for significance, as denoted in graphs (fig ). 
From absolute numbers, the “memory T cell” counts were found to be significantly lower in GF 
animals(***), especially in PPs from the small intestine (***, 2285 in SPF mouse cells vs. 769 cells in 
GF mouse per 1 PP) and coecal patch (***, 9629 cells in SPF mouse vs. 1557 cells in GF). Absolute B 
cell counts reflected the drastic difference between the number of cells in SFP and GF mice in coecal 
patch (**, 109925 vs. 22758 cells in SPF and GF mice, respectively. “Breg” and “Treg” cells were also 
significantly lower in GF mice (** and ***, respectively; “Breg”: 818 SPF vs. 134 cells in GF mouse 
and “Treg”: 398 vs. 47 cells per coecal patch in SPF and GF mice, respectively). Last but not least, Tc 
cells and Th cells had both significantly lower cell counts in coecal patch (***, 8478 SPF vs. 1426 GF 
cells for Tc cells and 17502 SPF and 2467 GF Th cells) as well as in small intestinal PPs (** and * for 
Tc and Th cells, respectively, 2294 SPF vs. 991 GF Tc cells and 4876 SPF vs. 2185 Th cells). Other 
differences proved insignificant. However, exactly these “insignificancies” could mean shifts in the 
composition of immune microenvironment, as the total numer of cells is significantly different. That is 
the reason, while absolute numbers offer the proportional representation of cellular numbers, the relative 

























Total cell counts PPs
Figure 39: Representative bar graph charts of comparison between between absolute numbers in SPF MHC 
II-EGFP and GF MHC II-EGFP mouse - PPs.. Results  represent mean ± SD of value. n(SPF)=5 mice, 
n(GF)=8 mice.  *, significant differences with P ≤ 0.05. **, significant differences with P ≤ 0.01. ***, and 





































































Figure 41: Representative bar graph charts of comparison between between absolute numbers in SPF MHC II-EGFP and GF 
MHC II-EGFP mouse – myeloid panel - PPs.. Results  represent mean ± SD of value. n(SPF)=5 mice, n(GF)=8 mice.  *, 





















































NK cell counts PPs
Figure 40: Representative bar graph charts of comparison between between absolute 
numbers in SPF MHC II-EGFP and GF MHC II-EGFP mouse – lymphoid panel - PPs.. 
Results  represent mean ± SD of value. n(SPF)=5 mice, n(GF)=8 mice.  *, significant 
differences with P ≤ 0.05. **, significant differences with P ≤ 0.01. ***, and significant 


























































CD8+ GDT cell counts PPs
Figure 42: Representative bar graph charts of comparison between between absolute 
numbers in SPF MHC II-EGFP and GF MHC II-EGFP mouse – lymphoid panel - PPs.. 
Results  represent mean ± SD of value. n(SPF)=5 mice, n(GF)=8 mice.  *, significant 
differences with P ≤ 0.05. **, significant differences with P ≤ 0.01. ***, and significant 
differences with P ≤ 0.001 
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5.3.7. Ly6C vs. CD3 
To further verify the observations of a relatively huge percentage of Ly6C-positive cells (especially in 
MLNs) negative for any other myeloid marker, a separate experiment was performed only with the use 
of CD3 and Ly6C antibodies. Single stains were measured to compute the compensation matrix, which 
was then applied to a mixed sample. The results are shown in Figure 43. The numbers of Ly6C-positive 
T cells (10,2% in BL spleen, 7,21% in MHC II_EGFP spleen and 21,4% for MLNs for all live cells) 
roughly correlate with the numbers observed by myeloid panel (however, no accurate determination 




Figure 43: CD3 vs. Ly6C representative dotplots of spleen of wtC57BL/6 mouse (left), MHC II-EGFP knock-in mouse (middle), 
and MLNs of MHC II-EGFP knock-in mouse (right). 
Ly6C 









The focus of this work is in the development and optimalization of detailed dissection, microscopic 
(LSM) and flow cytometric methods with the usage of the unique MHC II-EGFP mouse model for 
several secondary lymphoid organs. This included a unique approach of dissecting the MLN complex 
into single units, complemented by a sequential dissection of PPs throughout the whole intestine, 
including coecal and colonic patches. Flow cytometry provided the quantitative data abouth cellular 
numbers, while LSM was used to gain the 3D structural information about MLNs and PPs with the least 
number of artifacts possible introduced by sample preparation. This work forms a basis of a bigger 
project in the laboratory I am enrolled in, that will try to envision the entero-mammary pathway, whose 
details are still a highly discussed topic51–53. Future work will focus on the visualization of bacterial 
transfer from the gut (PPs) to the mammary gland, possibly via DCs or other MHC II-positive cells, 
using the monocolonisation of GF MHC II-EGFP mice by the fluorescently-tagged bacterium 
Lactobacillus plantarum. However, to enable further analysis, studied organs in both SPF and GF mice 
of MHC II-EGFP mouse model needed to be characterized in detail to become familiarized with the 
effects microbiota can bear on the structural and functional basis of secondary lymphoid organs studied. 
This work is a set of pilot experiments in the laboratory and many aspects may be optimized further in 
the future to yield the desired results of fully correlating cytometric and microscopic data. 
I successfully managed to dissect MLN complex of MHC II-EGFP mouse model into separate 
structural units in a sequential order, as well as to analyze the whole set of PPs, coecal and colonic 
patches, in a sequential manner. Provided stereomicroscopical pictures clearly demonstrated the degree 
of variability in the number and 3D composition of MLNs and variable morphology and set-up of PPs, 
coecal and colonic patches along the gut, supported by the previously published results, where the 
number of PPs in the small intestine varied from 5 to 9 in a C57BL/6 mouse71. 
During the dissection of the samples for LSFM, a very careful approach had to be taken not to 
squeeze tiny PPs or MLNs with the dissection tools, which could cause artifact formation. On the other 
hand, all the fat from the fatty capsule of MLNs had to be eliminated to be able to see the sample 
properly, as the fat-bound DRAQ5 would make the samples practically unacquirable due to its high 
fluorescence. As the samples were quite small and relatively easy to diffuse into, a relatively high 
dilution of DRAQ5 could be used. Demonstrative 2D “sheets” as well as a visualization of samples in 
3D (data not shown) provided interesting insights into the structure of both MLNs and PPs without the 
artifacts that would be brought in by the preparation of physical slides. However, the small lymphocytic 
cells were packed so densely together that it has been unattainable to count the cellular numbers to date, 
even after deconvolution algorithms were used. By means of further optimalization, an algorithm using 
the artificial intelligence will have to be developed or adapted (from the previous work of my colleague 




Flow cytometry data aquisition and analysis was by far the biggest component of my research. 
I helped with the optimalization of two fluorescence panels as well as by the troubleshooting of tissue 
digestion enzyme used. Dispase vs. collagenase tissue dissociation protocols were tested, and, as 
collagenase provided higher cellular yields, it was therefore used for further analysis. The downside of 
collagenase digestion is a longer sample preparation, which could lead to selective dying of susceptible 
cells during longer experiments. 
My next task was to compare CD57BL/6 mouse model with MHC II-EGFP, and subsequently 
MHC II-EGFP mice under SPF and GF housing conditions. As the cytometric panels were 
multiparametric and manual gating of all possible populations would be timely and biased by the 
hierarchy used (needless to say also highly subjective), the unsupervised analysis approach by FlowJo 
plugin FlowSOM was chosen, complemented by tSNE algorithm, which allows for easier visualization 
of clusters. The reason tSNE was not performed of all samples was because of its slow computational 
rate compared to FlowSOM (also limiting the maximum effective sample size), the stochasticity and 
subsequent inability to compare populations across multiple samples as well as the need for subsequent 
(manual) gating, causing possible bias. The number of chosen metaclusters in FlowSOM were also 
a subject of optimalisation, as lower numbers did not separate the (almost) full potential of populations 
distinguishable by the panels, but higher numbers were more timely in subsequent analysis and an 
unnecessary clustering of a single cellular population was observed. Grid size, a parameter enabling 
finer differentiation of populations, also needed to be tweaked in order to capture the desired rare 
populations. Regarding population naming, while CD3+CD4+CD25+ were denoted as “Treg cells”, and 
CD19+CD25+(MHC II-EGFP+) population as “Breg cells”, this was purely for the simplification 
purposes and I am aware that CD3+CD4+CD25+ also contains activated Th cells (and that the 
characteristic marker of Treg cells is FoxP3, which the both panels lack) and That “Bregs” are still a 
highly discussed population with different subsets and is rather characteristic by IL-10 production. 
Regarding the “memory T cell” subset, as it was defined in myeloid panel by the sole expression of 
Ly6C, may not be entirely correct as myeloid panel does not contain CD3 antibody (and was therefore 
verified separately). Regarding the “lymphocyte X” (CD3+CD19+), it is still a very controversial 
population, so while it was quanified, any findings regarding its existence and abundance are still highly 
preliminary and will need verification in the future. 
While CD57BL/6 and MHC II-EGFP mouse models are documented as immunologically 
equivalent, several populations showed significant differences when the mice were compared. However, 
this should not be automatically interpreted as a real result. As CD57BL/6 mice lack the fluorescently 
tagged MHC II, they had to be analysed separately by FlowSOM. Having one less reliable parameter 
for population clustering, the generated clusters could be different (especially in lymphoid panel where 
most significant relationships were demonstrated, as no “control” MHC II antibody was used) from the 
situation in GFP mouse. Another point is that as sometimes the mesenteric lymph nodes are localised 
outside of the main “stream”, by the classical dissection of the whole MLN complex, not all of the lymph 
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nodes may be included. This information further proves how it is necessary to search for possible bias 
when interpreting (cytometrical) data. 
Afterwards, MLNs, spleen and PPs were compared accross SFP and GF mice. Differences 
among the organ group were also observed. As the number of MLNs and PPs is very variable, as well 
as their configuration and distribution, I could not compare the sequential number of MLNs or PPs, as 
the numbers would not always correspond to the same drainage site in the gut. Therefore, I only 
compared the first, last (coecal) and second to last MLN (draining the last part of small intestine) and 
the first and last (small intestinal) PP, coecal and colonic patches. The rest of the samples were not 
evaluated statistically at the moment, however, there is and ongoing search for an approach that would 
allow comparison of all the acquired data. A collaboration with Karel Fišer, Department of 
Bioinformatics, Second Faculty of Medicine, Charles University, is under way to use the data to their 
full capacity. 
Considering the comparison of relative numbers, a few interesting significancies will be 
mentioned. A recurring theme in all organs are relatively lower numbers of γδT cells in germ-free mice, 
that also present a gradient across MLN and PP sequences. I have not encountered this information in 
any papers. Therefore, while it definitely needs further verification, this information could be a novel 
finding regarding GF mice physiology as well as the demonstration that by pooling MLNs/PPs, 
a significant positional information could be persistently lost. Other recurring significant differences 
among spleen and MLNs are a relative increase in B cells and decrease in both Th and Tc cells. This is 
a clear demonstration as to why it is essential to look at both the absolute and relative numbers. As T 
and B cells make up for the majority of cells in spleen and especially in MLNs, an absolute decrease in 
one variable inevitably leads to the relative increase of other. Therefore, without the quantification of 
cellular numbers, one cannot state whether the observed phenotype is due to an absolute increase in B 
cells, a decrease in T cells, or a combination of both. As the total number of cells was not significantly 
different for MLNs or spleen in my settings, the latter seems probable. Indeed, lower absolute numbers 
of both Th and Tc were observed in MLNs (and sometimes spleen)56,271. However, the data regarding B 
cells in MLNs are lacking (but in spleen, similar numbers were described)56. Another interesting and 
unique trend described in GF mouse is the steep increase of relative abundance of NK cells in coecal 
and colonic patches. This phenomenon, to my knowledge, is also previously unknown. Last but not 
least, a decrease in all DCs (especially pDCs), was observed in MLNs. This finding is supported by an 
article, however, pDCs are not regarded separately and a decrease was also observed in spleen, where 
no significant difference could be noted by me272. 
Paralelly to relative abundances, I also analysed quantitative data. This type of data is often 
completely omitted in scientific work, and many works regarding cellular numbers are dated and not 
challenged further by novel quantitative approaches. I acquired my data in a highly standardized and 
quatitative manner, so I could determine the absolute numbers for spleen, per average MLN, per average 
PP, coecal and colonic patches. Again, the quantification could not be done for each sequential number 
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for MLNs and PPs, because every mouse has different number and configuration of their GALT system. 
I only observed significant differences between the absolute numbers in average small intestinal PP and 
coecal patch, which were analysed further. B and T cells all copied the pattern of total cell counts 
significantly (especially for coecal patch). However, as the total cell numbers were significantly 
different, the “significant” finding could actually be in other populations, where the difference between 
cells is not significant across SPF and GF mice, which could mean a difference in the relative abundance. 
Therefore, a combination of both relative and absolute numbers provides the best representation of the 
actual conditions inside the body. 
Despite the quantification and calculations, the presented “total” cell numbers are not entirely 
complete, as no correction was done accounting for cells dying or being washed off in the process. As 
me and my colleague Jan Pačes determined (external data), only about 48% of cells from small intestinal 
PPs make it to the FACS measurements live when staining with panels compared to measuring the 
number of cells directly after the collagenase treatment. This may be partially accounted to more 
washing steps, as well as longer time before measurements, as PPs are a quite delicate tissue (compared 
to spleen and MLNs). Similar correction was not yet determined for spleen or MLNs, however, the 
percentages may be slightly higher due to their higher durability. 
Last but not least, I combined CD3 and Ly6C staining to verify my observations and calculations 
of a relatively big Ly6C-positive population. Ly6C is a marker for central (as well as virtual memory T 
cells), but not effector memory cells132,272. Memory T cells increase during aging, so it was critical for 
me to use mice of the same age (in my case, 8 weeks) across all my experiments, to avoid any bias 
regarding their abundance133. My observations indicate that there may be a significant difference in their 
abundance between SPF and GF mice in MLNs) and that their abundances vary significantly in PPs 
across their intestinal gradient (esp. in GF mice). However, to verify these resunt, staining with bost 




In this work, I fulfilled my aim to optimize the spectroscopical, LSM and flow cytometrical methods to 
MHC II-EGFP knock-in mouse model, with the future perspective of using it to research entero-
mammary pathway in detail. The use of LSM to count all/MHC II+ will be attempted in the future with 
the help of artificial intelligence. For cytometrical measurements, two variants of unsupervised data 
analysis were used complementarily. 
I also described both MLNs as well as PPs both qualitatively and quantitatively, using the 
optimalized toolbox. 
I identified several populations in MLNs and PPs in both myeloid and lymphoid panels and 
tested both the frequencies as well as absolute numbers of cells in each sample to determine differences 
between SPF and GF mouse model, with significant results. 
The results indicate several shifts in the relative abundances of cellular populations between 
SPF and GF mouse models. These include lower abundances of γδ T cells across all samples, higher B 
cell percentage and lower Th and Tc cell abundances in spleen and MLNs, lower pDC and cDC cell 
numbers in MLNs, and more. Several markers exhibited differential expression only in some of the 
tissues, e.g. NK cells were enriched in coecal and colonic patches in GF mouse. Total cell numbers were 
significantly lower in small intestinal PPs and coecal patch of GF mouse, which was also reglected by 
B, Th or Tc populations. Taken together, both SPF vs. GF housing settings, as well as the gradient along 
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9. Supplementary figure 

















S_Figure 5: Gating strategy: lymphoid panel - PPs. 
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S_Figure 8: FMO control – lymphoid panel. 
